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Female oviparous vertebrates accumulate yolk in the oocytes by means of 
vitellogenesis to support the development of the embryos. Vitellogenesis, a critical 
process of oocyte development, includes production of yolk precursor-vitellogenin 
in the liver, receptor-mediated endocytosis of vitellogenin into the oocytes, and final 
processing of vitellogenin into yolk platelet proteins-lipovitellin and phosvitin. The 
specific expression in the liver and its strict hormonal control have made vitellogenin 
synthesis one of the best-studied models for tissue-specific and hormone-dependent 
gene expression. However, most of the studies have been carried out in amphibians 
and avians, and studies at molecular level are limited in fish, the largest group of 
vertebrates with great economic significance. 
To analyze the regulation of vitellogenin expression, a primary goldfish hepatic 
cell culture was developed to examine how different hormones and growth factors 
regulate vitellogenin mRNA expression. The RNA level was assayed by slot blot 
hybridization with a DIG-labeled probe. After optimization, the model was 
validated with estradiol and used to investigate the effects of testosterone and growth 
factors on vitellogenin mRNA expression. We demonstrated that testosterone acted 
on the hepatic cells directly to stimulate vitellogenin gene expression and two 
peptide growth factors, activin and epidermal growth factor (EGF), had the ability to 
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modulate estradiol-stimulated vitellogenin mRNA expression in a dose-dependent 
manner. This is the first study that demonstrates the involvement of activin and 
EGF in the regulation of vitellogenin expression. 
The information obtained in this research contributes to our understanding of 
vertebrate vitellogenesis and its hormonal control, and may benefit the manipulation 
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In oviparous vertebrates, embryos utilize egg yolk as the major source of 
nutrients to support the growth and development after fertilization. Yolk protein is 
mainly composed of two glyco-rich proteins, namely lipovitellin, the major sources 
of lipids in the egg, and phosvitin, the major source of phosphates. Both of them 
are devired from the common precursor vitellogenin synthesized in the liver. The 
process of vitellogenin synthesis and its conversion into the yolk in the oocytes is 
termed vitellogenesis and it occurs in all egg-laying vertebrates. 
Vitellogenesis is an important process in the reproduction of non-mammalian 
vertebrates which contributes significantly to the growth of oocytes in the female. 
Vitellogenesis has been well studied in a number of species including African clawed 
frog {Xenopus laevis) and chicken {Gallus gallus) (for reviews see Clemens, 1974; 
Shapiro and Taylor, 1982). However, relatively less is known about vitellogenesis 
in fish, the largest group of living vertebrates and economically important animals. 
Vitellogenin induction in fish has recently gained attention as a biomarker for 
monitoring estrogenic substances in the environment (for review see Kime et ai, 
1999). However, most of the studies concerning vitellogenesis in fish have been 
carried out in salmonids, and only a few studies were conducted in cyprinids, the 
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group of fish with economical significance in Asian countries. 
1.1 Vitellogenesis 
Yolk is the major storage of nutrients in the egg for oviparous vertebrates, which 
provides necessary support for the embryonic development after fertilization. The 
major components of yolk are lipovitellin and phosvitin, which are lipid-rich and 
phosphate-rich proteins respectively, and they provide amino acids, phosphate, 
carbohybrates and lipids for embryonic development. Both lipovitellin and 
phosvitin arise from the common precursor vitellogenin (Bergink and Wallace, 1974) 
synthesized in the liver and deposited into the egg through a complex receptor-
mediated process (Fig 1-1)，which is a key event in the reproduction offish and other 
non-mammalian vertebrates. 
Vitellogenesis can be divided into three main parts. Firstly, in response to 
environmental stimuli, the pituitary releases gonadotropins into the circulation that 
stimulate the ovary to synthesize and release estradiol. Secondly, estradiol in turn 
stimulates liver to synthesize vitellogenin, which is released into the blood. Thirdly, 
under the influence of gonadotropins, vitellogenin is uptaken by the growing oocytes 
through receptor-mediated endocytosis, which accounts for the size increment of the 
oocytes and hence the ovary during recrudescence before ovulation (Tyler et al., 
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1990; Hyllner et al., 1994). Inside the oocyte, vitellogenin is processed into four 
products, namely P'-component, lipovitellin I，II and phosvitins that form the egg 
yolk (Bergink and Wallace, 1974; Matsubara et al., 1999). 
Under normal circumstances, the requirement for female sex steroid estradiol as 
the primary inducer of vitellogenin synthesis has made this process specific to 
sexually mature females. However, experimental induction of this female protein in 
vivo and in vitro with estradiol has been widely reported in males and juveniles in a 
number of animals, including chicken (Heald and McLachlan, 1965; Wachsmuth and 
Jost, 1976), African clawed frog (Wangh and Knowland, 1975; Knowland, 1978) and 
rainbow trout (Oncorhynchus mykiss) (Vaillant et al., 1988; Pakdel et al., 1991). 
1.2 Vitellogenin 
1.2.1 Structure 
Vitellogenin is a glycolipophosphoprotein with high molecular weight (Byrne et 
al., 1989) and it is suspected to be a homologue of apolipoprotein of mammals (Perez 
et al., 1991). Vitellogenin protein has been isolated from a number of species, 
including African clawed frog, chicken and goldfish {Carassius auratus) (Clark, 
1970; Hori et al., 1979; De Vlaming et a l , 1980; Wiley and Wallace, 1981). Native 
form of vitellogenin exists in the blood as a dimeric protein and its estimated size in 
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Xenopus，chicken and goldfish is 460 kDa, 450-500 kDa and 330-380 kDa 
respectively (Clark, 1970; Hori et al., 1979; De Vlaming et al., 1980; Wiley and 
Wallace, 1981). 
Vitellogenin is synthesized in the liver of female oviparous vertebrates and then 
deposited into the oocytes as yolk. Biochemical analysis of vitellogenin indicates 
that this molecule is also a calcium, zinc and iron-binding protein (Montorzi et al., 
1995; Reis-Henriques et a l , 2000), and it appears to be responsible for deposition of 
these ions into the egg for supporting the later development of the embryos. 
1.2.2 Vitellogenin synthesis in the liver 
The synthesis of vitellogenin is a sex-, tissue- and stage- specific process (Heald 
and McLachlan, 1965; Wetekam et al., 1975; Green and Tata, 1976a). Estradiol 
from the ovary directly acts on the liver to stimulate vitellogenin synthesis (Heald 
and McLachlan, 1965; Wangh and Knowland, 1975), and this synthesis does not 
require proliferation of hepatic cells (Green and Tata, 1976a; Knowler and Beaumont, 
1985). During this process, the hepatic cells undergo some structural changes, 
including increase of endoplasmic reticulum and Golgi apparatus to cope with the 
synthesis and post-transcriptional modification of vitellogenin (Skipper and 
Hamilton, 1977; Bieberstein et al., 1999). After synthesis, vitellogenin is not stored 
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in the liver, but immediately secreted into the circulation (van Bohemen et al.，1982; 
Shilling and Williams, 2000). It has been reported that up to 25 mg/ml vitellogenin 
is present in the serum of the rainbow trout undergoing vitellogenesis and it 
constitutes half of the total plasma proteins (Tyler et al., 1990). 
1.3 Regulation of vitellogenin synthesis 
As a key process in oviparous reproduction, vitellogenesis is under strict 
hormonal controls. Estradiol is the major stimulator of vitellogenin gene expression 
and protein synthesis. However, influence of other hormones or factors on 
vitellogenesis has also been reported 
1.3.1 Estradiol 
Estradiol is the most potent form of estrogens. The primary site of estradiol 
production is the follicular cells in the ovary of female vertebrates, and its secretion 
is under the control of pituitary gonadotropins. It is generally accepted that 
estradiol is produced through the cooperation of two types of follicular cells 
surrounding the oocytes (Makris and Ryan, 1977; Kagawa et al., 1982). The thecal 
cells in the outer layer of the follicle are responsible for synthesizing testosterone, 
which serves as the precursor to synthesize estradiol in the granulosa cells under the 
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action of aromatase (Makris and Ryan, 1977; Simpson et al., 1994). Much evidence 
has accumulated to show that the synthesis of estradiol is not restricted to the gonads, 
rather it can be synthesized from testosterone locally in the brain, placenta, adipose 
and a number of other tissues as a paracrine or autocrine regulator (For reviews see 
Simpson et al.’ 1994; Simpson, 2000 ). 
Estradiol exerts its action in a variety of tissues，and its major function is to 
promote the growth and development of organs involved in female reproduction. In 
oviparous vertebrates, liver is a major target organ of estradiol (Westley and 
Knowland, 1978). It has been known for many years that administration of 
estradiol to oviparous vertebrates courses several changes in the liver, including 
increases in the dry weight, content of cellular lipids, total RNA and vitellogenin 
level, while the amount of DNA in the liver remains constant (Tata and Baker, 1975; 
Green and Tata, 1976b; Emmerson et al., 1979; Brock and Shapiro, 1983a). 
1.3.1.1 Mechanism of action 
As a steroid, estradiol exerts its actions by binding to its intracellular receptors, 
estrogen receptors (ER). The responsiveness of cells towards estradiol depends on 
the concentration of estrogen receptors present in the cell. Estrogen receptors are 
ligand-inducible transcriptional factors that belong to the steroid/nuclear receptor 
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superfamily (Feng and Doolittle, 1987; Mangelsdorf et al., 1995). A generally 
accepted model for the mechanism of action was proposed by Jensen et al. (1968), 
and according to this model, estradiol enters cells through a passive diffusion and is 
accumulated in the target cells where the cytoplasmic receptors are present. These 
cytoplasmic receptors form complex with estradiol and translocate into the nucleus 
where they regulate gene expression by binding to specific DNA sequence known as 
estrogen response element (ERE) (Walker et al.，1983; Walker et al., 1984; Theulaz 
et al., 1988; Nardulli et al., 1996). The interaction and binding affinities between 
the estrogen receptors and different estrogen response elements, and their 
transcriptional activities have recently been reviewed by Kinge (Klinge, 2001). 
1 -3.1.2 Rstradif^l-stimiilated vitellogenin expression 
Estradiol is the most potent inducer of vitellogenin synthesis. Change of 
serum estradiol concentration during ovarian cycle is highly correlated with 
vitellogenin concentration in the blood, as demonstrated in the green frog {Rana 
esculenta) (Varriale et a l , 1988), rainbow trout (Bromage et al., 1982) and brown 
trout {Salmo truttd) (Norberg et al., 1989). Estradiol stimulates vitellogenin 
expression at both transcriptional and translational levels. Experimental induction 
of vitellogenin in vivo or in vitro by estradiol administration has been widely 
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reported in vertebrates, including chicken (Schjeide and Urist, 1960; Heald and 
McLachlan, 1965) and African clawed frog (Wangh and Knowland, 1975; Baker and 
Shapiro, 1977). In teleosts, estradiol-stimulated vitellogenin expression and 
synthesis have been demonstrated in a number of species including rainbow trout 
(van Bohemen et al., 1982; Chen, 1983), Japanese eel {Anguilla japonica) (Smith 
and Thomas, 1991; Peyon et al., 1993), common carp {Cyprinus carpio) (Smeets et 
al., 1999) and goldfish (De Vlaming et al , 1980). 
Considerable evidence demonstrates that estradiol stimulates vitellogenin 
synthesis by altering the rate of transcription and the half-life of vitellogenin mRNA. 
Vitellogenin mRNA degrades at the same rate as total RNA in the absence of 
estradiol, while its presence protects vitellogenin mRNA with an estimated half-life 
40 times longer than that of total RNA (Brock and Shapiro, 1983b). On the other 
hand, estradiol governs the rate of RNA synthesis (Tata and Baker, 1975; Martin et 
al., 1986), possibly by enhancing RNA polymerase activity in the liver (Kastem et al., 
1981; Brock and Shapiro, 1983b). Moreover, estradiol selectively enhances the rate 
of vitellogenin mRNA transcription (Brock and Shapiro, 1983a; Brock and Shapiro, 
1983b; Martin etal., 1986). 
ERs play an important role in vitellogenin induction (Westley and Knowland, 
1978) as shown by the activation of vitellogenin gene in African clawed frog oocytes 
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by injection of ER isolated from hepatocytes (Knowland et al., 1984). Induction of 
vitellogenin is always accompanied by an accumulation of ER mRNA and activity 
(Mackay et al., 1996), which precedes the increase of vitellogenin mRNA expression 
(Green and Tata, 1976a; Perlman et al., 1984; Paolucci and Botte, 1988; Pakdel et al.， 
1991; Flouriot et al., 1996; Flouriot et al., 1997) and the increase of ER is due to the 
enhancement of transcriptional rate and stability of ER mRNA (Barton and Shapiro, 
1988; Pakdel et al., 1991). Interestingly, the selective protection of vitellogenin 
RNA does not require the synthesis of new ER (Brock and Shapiro, 1983b). 
ERE has been identified within the promoter of vitellogenin gene in a variety of 
organisms including birds, amphibians and teleosts (Walker et al., 1983; Teo et al.， 
1998), indicating the direct action of estradiol and ER on vitellogenin gene 
expression. The binding of ER onto ERE causes bending of DNA fragment, 
facilitating the functional interaction between ERE, trans-acting factors and RNA 
polymerase, which affects the rate of transcription (Schild et al., 1993; Thorbum and 
Knowland, 1993; Nardulli et al., 1996; Marilley et al., 1998). 
1.3.1.3 Memory effects 
An interesting characteristic of estradiol-stimulated vitellogenin expression is 
the different response to the first and subsequent inductions, which is known as the 
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“memory effect" (Baker and Shapiro, 1977; Baker and Shapiro, 1978). This effect 
has been observed in all of the animals studied so far and is characterized by the 
disappearance of the lag phase during the secondary induction and an increase in the 
accumulation rate of vitellogenin mRNA. In teleosts, it was first demonstrated in 
the rainbow trout (Le Guellec et al., 1988) and subsequently in a number of species 
including blue tilapia {Oreochromis aureus) (Lim et al” 1991) and silver eel 
(Anguilla anguilld) (Peyon et al., 1993). In contrast to the reversible induction of 
vitellogenin, estradiol causes a few long-term changes in the liver, which seems to be 
related to the "memory effect". These long-term changes include alteration of 
chromatin structure (Gerber-Huber et al.，1981; Williams and Tata, 1983; Knowler 
and Beaumont, 1985; Waters and von der, 1992) and distribution of ER (Hayward et 
al., 1980; Hayward et al., 1982; Perlman et al., 1984). 
1.3.2. Testosterone 
Testosterone is an androgen responsible for the development of male 
reproductive system in mammals and it is mainly synthesized by the Leydig cells of 
testis. However, testosterone is also produced in the female to act as the precursor 
for estradiol synthesis. Other fiinctions of testosterone in female teleosts include 
enhancing germinal vesicle breakdown (GVBD) of oocytes (Young et al., 1982; 
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Tmscott et a l , 1992) and regulating gonadotropin-releasing hormone (GnRH) 
(Montero et al., 1995) and gonadotropin secretion (Huang et al., 1997; Habibi and 
Huggard, 1998; Dickey and Swanson, 1998). 
The first study on androgen regulation of vitellogenin biosynthesis was 
performed in the goldfish (Hori et al., 1979), and since then, a number of studies 
have been carried out to investigate the possible role of androgens in vitellogenin 
synthesis; however, the reports so far have been controversial. Oral administration 
of androgens including testosterone at high dosage resulted in an increase of serum 
vitellogenin in the goldfish (Hori et al., 1979)，and testosterone injection caused an 
increase of vitellogenin mRNA expression in the liver of green frog {Rana esculenta) 
(Di Fiore et al., 1998). Similar effect of testosterone on vitellogenin mRNA 
expression and protein synthesis in response to testosterone has been reported in the 
hepatic culture of rainbow trout (Pelissero et al., 1993; Mori et al., 1998). However, 
there have also been reports that testosterone has no effect on vitellogenin expression 
in the hepatic culture of rainbow trout (Vaillant et al., 1988) and African clawed frog 
(Green and Tata, 1976b). In contrast, in the tilapia {Oreochromis niloticus) (Lazier 
et al., 1996) and fresh water turtle {Chrysemys picta) (Ho et al., 1981)，testosterone 
was found to be an inhibitor of vitellogenin expression. 
Induction of vitellogenin expression by testosterone in hepatic cell culture 
11 
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demonstrates its direct action on the hepatic cells and rules out the involvement of 
ovary through its conversion to estradiol (Pelissero et al., 1993; Mori et al., 1998). 
Hori et al. (1979) proposed that androgens regulate vitellogenin synthesis possibly 
by means of two mechanisms. Firstly, androgen may have affinity towards the ER 
in the liver that causes the activation of estrogen signaling pathway. Secondly, 
androgen may be converted into estrogen in the liver which then activates the ER. 
Di Fiore et al (1998) further suggested a third possible mechanism that the action of 
testosterone on vitellogenin expression may actually be mediated by the androgen 
signaling pathway through the androgen receptor (AR). In terms of the role of ER, 
high concentration of testosterone was found to have the ability to activate a reporter 
gene containing ERE in the presence of ER (Le Drean et al., 1995), suggesting that 
testosterone may activate estrogen signaling pathway if present at high 
concentrations. As for the role of testosterone receptor, the presence of AR in the 
liver has been detected in a marine teleost, Gobius niger L. (Le Menn et al., 1980) 
and green frog (Di Fiore et al., 1998; Assisi et al., 2000). Interestingly, as the 
variation of aromatase and AR in the frog liver follows the patterns of plasma 
testosterone, estradiol and vitellogenin during reproductive cycle, the involvement of 
liver AR and aromatase in testosterone-stimulated vitellogenesis in the green frog has 
been proposed (Di Fiore et al., 1998; Assisi et al., 2000). Furthermore, testosterone 
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was found to increase both the aromatase activity and the number of AR in the liver 
of green frog in vivo (Assisi et al., 2000). 
LS.3 Cortisol 
Cortisol is a steroid hormone produced in the adrenal cortex. Its major function 
is to prepare the body to cope with stress by increasing carbohydrate metabolism and 
sympathetic functions. Cortisol is an important metabolic hormone in fishes, and it 
increases peripheral proteolysis, fat release and utilization and hepatic 
gluconeogenesis. Although injection of Cortisol did not increase the synthesis of 
vitellogenin in the hypophysectomized catfish {Heteropneustes fossilis), it enhanced 
the stimulatory effect of estradiol on vitellogenin synthesis (Sundararaj et al.，1982a). 
An in vivo study in the rainbow trout also indicated that Cortisol significantly 
enhanced the estradiol-stimulated vitellogenin expression (Mori et al., 1998). 
Cortisol also caused a transient increase in vitellogenin expression in vivo in male 
blue tilapia, however, this cortisol-induced vitellogenin mRNA could not be 
translated efficiently into vitellogenin protein (Ding et al., 1994). Interestingly, 
inhibition of vitellogenin expression by Cortisol has also been reported both in vivo 
and in vitro in the rainbow trout (Pelissero et al., 1993; Lethimonier et al., 2000) and 
brown trout (Salmo trutta) (Carragher et al., 1989). 
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1.3.4 Progesterone 
Progesterone is a steroid hormone synthesized in the ovarian corpus luteum and 
adrenal cortex in mammals. Progesterone has been demonstrated to be a potent 
inhibitor of basal vitellogenin gene expression in vivo in the Japanese quail {Coturnix 
japonica ), however, this inhibition diminished if estradiol was applied together with 
progesterone (Gupta and Kanungo, 1996). In the rainbow trout, however, 
progesterone was found to stimulate basal (Pelissero et al., 1993) and estradiol-
stimulated vitellogenin expression (Mori et al., 1998). 
1.3.5 Growth Hormone 
Growth hormone is a peptide hormone synthesized in the pituitary that promotes 
body growth and development. Recent studies indicate that it may also be involved 
in the regulation of vitellogenin synthesizes in the liver. Growth hormone alone 
was found to stimulate vitellogenin gene expression in the liver of green frog (Ram 
esculenta) both in vivo and in vitro in a stage-dependent manner (Camevali et al.， 
1992a; Camevali et a l , 1995). The effect of growth hormone on vitellogenin 
expression has also been examined in the hepatic culture of silver eel (Anguilla 
anguilla). Growth hormone itself has no effect on silver eel vitellogenin expression, 
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however, it acts on the hepatocytes directly to potentiate the estradiol-stimulated 
vitellogenin synthesis in a time- and dose-dependent manner (Peyon et al., 1996). 
1.3.6 Prolactin 
Prolactin is a pituitary hormone that promotes the growth and development of 
mammary glands in mammals. In teleosts, prolactin is important in the 
osmoregulation. Studies in the Japanese eel showed that the presence of prolactin is 
required for estradiol-stimulated vitellogenin expression (Kwon and Mugiya, 1994). 
Similarly, prolactin stimulated in vitro vitellogenin expression in the liver of male but 
not female green frog (Camevali et al., 1993a). 
1.3.7 Thyroid hormone 
Thyroid hormone is synthesized in the follicular cells of the thyroid gland, and 
its major function is to accelerate metabolic rate. In teleosts, it influences many 
aspects of growth and development of fish. Thyroid hormone potentiates the 
estradiol-stimulated vitellogenin mRNA expression in the liver of African clawed 
frog in vitro (Rabel.o and Tata, 1993), which is likely due to the action of thyroid 
hormone on estrogen receptor expression. 
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1.4 Growth factors 
Immunocytochemical staining for vitellogenin protein in the trout liver 
indicated that vitellogenin is not synthesized in all the hepatocytes (Wahli et al., 1998; 
Bieberstein et al., 1999), and cells with positive staining show a patchy distribution 
in the liver (Wahli et al., 1998). The uneven distribution of vitellogenin expression 
in the liver suggests that in addition to the control by the endocrine factors, the 
synthesis of vitellogenin may also be under an autocrine or paracrine control within 
the liver. Growth factors are major types of autocrine and paracrine regulators in 
local tissues; however, studies on growth factors in vitellogenin synthesis have only 
been restricted to insulin-like growth factor (IGF) (Peyon et al.，1998; Camevali et 
al., 1998; Camevali et al., 2000) and very few studies have been performed on other 
growth factors. Studies in the silver eel showed that IGF did not affect estradiol-
stimulated vitellogenin synthesis (Peyon et al., 1998), however, IGF caused an 
increase in basal vitellogenin synthesis in the hepatic cell culture of green frog 
(Camevali et al., 1998; Camevali et al., 2000). 
1.4.1 Activin 
1.4.1,1 Structure 
Actvin was originally isolated from porcine ovarian follicular fluid for its ability 
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to Stimulate the secretion of follicle-stimulating hormone (FSH) in the pituitary (Ling 
et al., 1986; Vale et al., 1986). It is composed of two p- subunits that are covalently 
linked by a disulphide bond. Activin belongs to the transforming growth factor-(3 
(TGF-p) superfamily and is closely related to the FSH-inhibiting factor, inhibin (ap^, 
aPe), by sharing the same P-subunit. Five forms of activin p-subunit have been 
identified (Pa to Pe) (Ling et al., 1986; Vale et al., 1986; G et al., 1995; Oda et al., 
1995; Fang et al., 1996); however only P^ and Pq have been demonstrated to 
dimerize to form biologically active form of activins as either homodimer or 
heterodimer ( P^PA. PAPB, PBPB). 
1.4.1.2 Functions 
Activin exerts its actions by binding to specific activin receptors. Four activin 
receptors have been identified , which can be divided into two groups, namely type I 
and type II receptors (Mathews, 1994). Both groups of activin receptors are 
transmembrane proteins with serine/threonine kinase activity. Activin transmits its 
signals through binding first to a type II receptor (ActRIIA or ActRIIB), followed by 
the recruitment and phosphoration of a type I receptor (ActRIA or ActRIB) 
(Mathews, 1994). Once activated, the kinase of the type I receptor stimulates the 
downstream pathways and hence regulates transcription through the association and 
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activation of Smad proteins (Massague and Chen, 2000). 
Expression of activin and its receptors has been reported in a variety of tissues, 
and accumulated evidence shows that activin is involved in the regulations of a wide 
range of biological processes. The expression of activin has been demonstrated in 
the liver of rat {Rattus norvegicus) (Harmon et al., 1993), chicken (Schwall et al., 
1993) and goldfish (Yam et al., 1999), while the expression of activin type I and type 
II receptor has been reported in the liver of rat (Zhang et al., 1996). Most of the 
studies concerning the effect of activin in the liver have been carried out in the rat. 
The effects of activin in the liver include inhibition of DNA synthesis (Yasuda et al., 
1993a), initiation of apoptosis (Schwall et al., 1993), increase of glucose production 
(Mine et al., 1989) and stimulation of expression of follistatin (Zhang et al.，1997), a 
binding protein of activin. 
1.4.2 Epidermal Growth Factor 
1.4.2.1 Structure 
Epidermal growth factors (EGF) was first isolated from the submaxillary gland 
of mouse {Mus musculus) (Cohen, 1962) and later found to display a wide range of 
metabolic and physiological effects in various types of tissues (for review see Fisher 
and Lakshmanan, 1990). It is a peptide growth factor that belongs to EGF family, 
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which also includes transforming growth factors-a (TGF-a), amphiregulin and 
vaccinia vims growth factor (VVGF). Mammalian EGF is a single chain 
polypeptide consisting of 53 amino acids with three disulfide bonds, and it is devived 
from a large precursor with about 1200 amino acids (Gray et al., 1983; Bell et al., 
1986). 
1.4.2.2 Functions 
EGF exerts its actions through binding to its cell surface receptor, the epidermal 
growth factor receptor (EGFR). EGFR is a transmembrane glycoprotein tyrosine 
kinase which was first identified in human tumor cell line A-431 (Cohen et al., 
1982a), and subsequently in normal mouse liver (Cohen et al., 1982b). EGF 
binding to EGFR causes autophosphorylation of the receptor kinase that elicits 
cellular responses (Carpenter and Cohen, 1990). Although EGFR has not been 
isolated from any non-mammalians vertebrates, EGF exhibits specific binding 
towards hepatic cells with high affinity, which has been demonstrated in African 
clawed frog (Wolffe et al., 1985a) and recently in the rainbow trout (Newsted and 
Giesy, 1991). EGF is known as a potent mitogen in the liver that stimulates cell 
proliferation (Richman et al., 1976; Block et al., 1996a) and DNA synthesis 
(Richman et al., 1976) in higher vertebrates. Recent studies also indicate that the 
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expression of EGF and EGFR are highly related to hepatoma (Lev-Ran et al., 1984; 
Yang et al., 1996; Komuves et al., 2000) and liver regeneration after hepatocytomy 
(Rubin et al., 1982; Mullhaupt et al., 1994; Block et al., 1996a). The demonstration 
that human EGF stimulates protein translation in the sockeye salmon {Oncorhynchus 
nerka) hepatocytes suggests that a EGF signaling pathway also exists in the liver of 
fish (Duan et al., 1993). 
1.5 Objectives of the present study 
Although vitellogenesis is the key process of female reproduction in oviparous 
vertebrates, relatively less attention has been paid to the teleosts, the largest group of 
vertebrates. Studies concerning vitellogenesis in teleosts have been mostly carried 
out in salmonids and a limited number of studies have been reported in cyprinids, a 
large group of fish with economic significance in China and Southeast Asia region. 
Goldfish was chosen as the model to investigate the regulation of vitellogenin 
expression because it is a representative member of cyprinids and a popular model 
for fish reproductive physiology. Information concerning goldfish physiology is 
readily available, but studies concerning the vitellogenin and vitellogenesis in this 
popular animal model are rather limited. Recently, a goldfish vitellogenin cDNA 
fragment has been cloned in our laboratory that enables studies on vitellogenin 
20 
Chapter 1 General Introduction 
biosynthesis at the transcriptional level. 
Ever since Hori et al (1979) demonstrated that in vivo administration of 
androgen induced vitellogenin synthesis in the goldfish, the role of androgen in the 
regulation of vitellogenesis has been an interesting and controversial subject in this 
area. Unfortunately, no more studies have been carried on in the goldfish to further 
investigate the issue. Study on the vitellogenin synthesis in vitro can provide clues 
to the role of androgen in the event and its mechanisms. 
Peptide growth factors are known to be involved in the regulation of many 
important physiological processes. Investigations of the roles of growth factors in 
vitellogenesis are rather limited. Since the cross talk between EGF signaling 
pathway and estrogen signaling pathway has been demonstrated in various types of 
cells (Smith, 1998) and estrogen is the most important regulator of vitellogenin 
synthesis, it is interesting to investigate the possible involvement of EGF in 
vitellogenin biosynthesis. Another growth factor, activin, is a known mesoderm 
inducer in embryonic development that is suspected to be synthesized maternally 
(Smith et al., 1990; Asashima et al , 1991) and transported into the oocytes with the 
aid of vitellogenin (Uchiyama et al., 1994; Fukui et al., 1999). As a 
paracine/autocrine factor expressed in the liver, the role of activin in the liver is not 
well defined. Studying the involvement of activin in vitellogenin expression will 
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contribute to our understanding of the involvement of growth factors in the 
regulation of vitellogenesis and its implication in the embryonic development. 
In the present study, the expression profile of goldfish vitellogenin protein and 
mRNA in vivo upon stimulation by estradiol was investigated (Chapter 2). A 
primary culture of goldfish hepatic cells was established for the in vitro studies on 
the regulations of vitellogenin mRNA expression (Chapter 2). Using the hepatic 
cell culture and vitellogenin mRNA assay, I have investigated the effects of two 
important gonadal steroid hormones, estradiol and testosterone (Chapter 3)，and two 
growth factors, EGF and activin (Chapter 4) on vitellogenin mRNA expression. 
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Figure 1-1 Schematic diagram of the regulation of vitellogenesis in vertebrates 
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Fig 1.2 Diagrammatic model for the roles of estradiol and testosterone in the 
regulation of vitellogenin synthesis 
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Chapter 2 
Expression of Goldfish Vitellogenin in vivo and in vitro 
2.1 Introduction 
Embryos of oviparous vertebrates utilize egg yolk as the major source of 
nutrients during development. The major components of yolk are phosvitin and 
lipovitellin, which are derived from the common precursor~vitellogenin. 
Vitellogenin is a glycolipophosphoprotein which is synthesized in the liver under the 
control of estradiol and other factors. After synthesis, vitellogenin molecule is 
transported to the ovary via circulation, deposited in the oocytes, and processed into 
the yolk. 
As an important process in non-mammalian reproduction, vitellogenin synthesis 
has been studied in many organisms, including African clawed frog {Xenopus laevis), 
(Green and Tata, 1976a) and chicken {Gallus gallus) (Heald and McLachlan, 1965; 
Wetekam et al., 1975). It has been known for many years that estradiol directly acts 
on the liver to simulate synthesis of vitellogenin by regulating both transcription and 
translation. In vivo and in vitro induction of vitellogenin by estradiol has been 
extensively studied in chicken (Schjeide and Urist, 1960; Heald and McLachlan, 
1965) and African clawed frog (Wangh and Knowland, 1975; Baker and Shapiro, 
1977). Information on vitellogenin synthesis in teleosts has increased recently 
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because of its importance as a biomarker for environmental estrogenic substances, 
and these studies have mainly been performed in salmonids (van Bohemen et al., 
1982; Chen, 1983) and anguillids (Smith and Thomas, 1991; Peyon et al., 1993). 
By contrast, studies on the synthesis of vitellogenin and vitellogenesis are rather 
limited in cyprinids, which are important for the aquaculture in China and Southeast 
Asia region. As a popular model for studies on fish reproduction, goldfish is a 
representative member of cyprinids. Recently, a goldfish vitellogenin cDNA 
fragment has been cloned in our laboratory, which enables studies on the regulation 
of vitellogenin synthesis at the transcriptional level in this species. 
In the present study, a vitellogenin cRNA probe was synthesized from the 
cloned cDNA and various in vivo estradiol trealments were carried out to validate the 
assay for vitellogenin mRNA. Also, a monolayer goldfish hepatocyte culture was 
established to study the direct effects of hormones on vitellogenin gene expression in 
vitro. This in vitro culture system was validated by estradiol treatment followed by 
slot blot hybridization to analyze vitellogenin mRNA levels. 
2.2 Materials and Methods 
2.2.1 Materials 
All chemicals were purchased from Sigma (St. Louis, MO), restriction enzymes 
26 
Chapter 2 Expression of Goldfish Vitellogenin in vivo and in vitro 
from Promega (Madison, WI) and culture medium from Gibco BRL (Gaithersburg, 
MD) unless specified. Experiments were performed in May, September and 
November. Goldfish {Carassius auratus) were purchased from the local market and 
maintained in 1000-liter flow through tanks at 22�C on a 14 L: 10 D photoperiod for 
at least 1 week before use. 
2.2.2 Sequencing 
A vitellogenin cDNA fragment of 1044 base pairs was previously cloned in our 
laboratory by RT-PCR from RNA obtained from the liver of goldfish. The 
fragment was inserted at the EcoRV site of the plasmid vector pBluescript II KS(+) 
through T/A cloning to generate the clone pKS/Vg. The orientation of the fragment 
was determined by sequencing using ABI PRISM Dye Terminator Cycle Sequencing 
Ready Reaction Kit with AmpliTaq-FS (Applied Biosystem, Foster City, CA). 
Briefly, two 10 sequencing reactions were prepared by mixing 200 ng template, 4 
terminator ready reaction mix and 1.6 \i\ of T3 primer (1 \iM 5' 
GTAAAACGACGGCCAGT-3') or T7 primer (1 |iM 5'-
ATTAACCCTCACTAAAG-3'). Sequencing reactions were performed in the 
Peltier Thermal Cycler 100 (MJ Research, Waltham, MA) by repeating 25 cycles of 
amplification at 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes. 
Sequencing products were precipitated with 1 |j.l 3 M NaOAc (pH 5.2), 25 \i\ 95% 
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ethanol and 0.5 |il glycogen (20 )ig/ i^l) in a 1.5 ml microtube, cooled at - 20�C for 10 
minutes and centrifuged with a refrigerated centrifuge. The pellet was dissolved in 
12 [i\ Template Suppression Reagent (Applied Biosystem), vortexed, heated at 95°C 
for 2 minutes and cooled on ice before it was subjected to sequencing on Genetic 
Analyzer 310 (Applied Biosystem). 
2 Cell culture 
Goldfish were primed with estradiol (50 ^ig/g fish) intraperitoneally four days 
before use. Fish were anesthetized with tricane methanesulphonate before they were 
killed by decapitation and surface sterilized by 75% ethanol. Liver was removed 
from the goldfish under aseptic condition and rinsed with HBSS (Hank's Balanced 
Salt Solution, 8 g NaCl, 0.4 g KCl, 0.014 g CaCl:, 0.05 g NaaHPO*, 0.06g KH2PO4, 
0.35g NaHCOs and 1 g glucose per liter) containing 20 mM HEPES, 0.3% BSA 
(bovine serum albumin) and antibiotics (100 U/ml penicillin and 100 |ig/ml 
streptomycin). Tissues were minced into 3 mm^ fragments using Mcllwain tissue 
chopper (MTC/1, Mickle Laboratory, Cambridge, UK), washed 3 times with HBSS 
and digested in dissociation solution (1 x HBSS, 20 mM HEPES, 0.3% BSA, 
antibiotics, 0.05% trypsin, 0.5 mg/ml collagenase, 0.1 mg/ml DNase) for 90 minutes 
at 28�C with gentle agitation. Dispersed hepatic cells were filtered through a 40 
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nylon mesh (Falcon, Bedford, MA), washed with HBSS, collected at the bottom of a 
50 ml tube by centrifugation (1200 rpm, 5 minutes) and resuspended in HBSS. The 
cells were purified by centrifugation (600 rcf, 60 minutes) in preformed 
discontinuous Percoll (Amersham Biosciences AB, Uppsala, Sweden) gradient [40%, 
50%, 60%, 70%, 80% (v/v) Percoll in Ix HBSS]. Hepatic cells were collected by 
mixing 1 volume 70% (v/v) Ml99 with the layer containing enriched hepatic cells 
and centrifugation for 5 minutes at 1200 rpm. The yield and viability of the cells 
were determined by trypan blue exclusion test. Hepatic cells were cultured in 70% 
Ml99 with 10% FBS (fetal bovine serum, Hyclone Labortaories, Logan, UT) and 
antibiotics (100 U/ml penicillin and 100 |ig/ml streptomycin) at a density of 5 x 10^  
cells/ml/well in 24-well culture plates (Falcon) pre-coated with poly-D-lysine at 28°C 
with 5% CO2. Four-well plates (Nunc, Rochester, NY) were used for time course 
study. After 24-72 hour pretreatment, the medium was changed to serum-free 70% 
Ml99 medium and drug treatment started. All drug treatments were performed for 
24-72 hours. 
2.2.4 RNA extraction 
For in vivo studies, estradiol treatments were performed by intraperitoneal 
injection (50 |ig/g fish), while saline was injected in the control group. After 
anesthetization, blood samples were drawn from the caudal blood vessels prior to any 
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operation. . Liver tissue was obtained from the same fish before and four days after 
the injection by means of biospy. Briefly, a small piece of liver was sampled 
through a cut made on the abdominal side of the fish, and the cut was suture by 
stitchs. After opeation, fish were injected and kept in a 30-L tank containing 
antibiotics (furanzolidone) to prevent infection. About 100 mg liver tissue was 
excised from the fish during each opeation and total RNA was extracted using TRI 
Reagent (Molecular Research Center, Inc, Cincinnati, OH). Briefly, the tissue was 
homogenized in 1 ml TRI Reagent in a 1.5 ml microcentrifuge tube, and kept at room 
temperature for 5 minutes. Two hundred microliters of chloroform were added into 
the homogenate, vortexed, and incubated at room temperature for 10 minutes. The 
aqueous phase of the extraction was separated by centrifugation (1200 rpm, 5 
minutes) and transferred to a fresh microcentrifuge tube. RNA pellet was obtained 
by precipitation with 0.5 ml isopropanol, followed by washing with 75% ethanol and 
air drying. The pellet was resuspended in DEPC-treated ultrapure water. 
For the extraction of total RNA from cultured cells in the in vitro studies, the 
medium was removed from the culture plate and half a milliliter of TRI Reagent was 
added into each well. Total RNA was isolated as previously described, except that 
all volumes were halved. 
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Northern hybridization 
Ten micograms of total RNA were electrophoresed in a 1.1% formaldehyde gel 
[1.1% agarose in 1 x MOPS (40 mM MOPS, 10 mM NaOAc and 1 mM EDTA, pH 
7.0) and 2.2 M formaldehyde] after denaturation, blotted to a positively charged 
nylon membrane (Roche Molecular Biochemicals, Mannheim, Germany) using 
VacuGene XL System (Amersham), and UV-crosslinked at 150 mJ with GS 
GeneLinker (Bio-Rad, Hercules, CA). The nylon membrane was prehybridized in 
hybridization solution [50% formamdie, 5 x SSC, 0.1% N-lauroysarcosine, 0.02% 
sodium dodecyl sulfate (SDS) and 1% (w/v) Blocking Reagent (Roche)] at 68�C for 
2 hours, followed by overnight hybridization in the hybridization solution containing 
12.5 ng/ml digoxigenin (DIG)-labeled RNA probe at 68�C. Probe labeling was 
achieved by in vitro transcription using 1 |ig linearized DNA, 1 x DIG-RNA labeling 
Mix (Roche), 40 U T3 RNA polymerase and 10 mM DTT in 1 x Transcription Buffer. 
After hybridization, the membrane was washed twice with 2 x SSC/ 0.1% SDS at 
room temperature and twice with 0.5 x SSC/ 0.1% SDS at 68°C. Chemiluminescent 
detection was performed by equilibrating the membrane in the washing buffer 
[maleic acid buffer (100 mM maleic acid and 150 mM NaCl, pH 7.5), 0.3% (v/v) 
Tween 20] for 1 minute and the blocking solution [maleic acid buffer, 1% (w/v) 
Blocking Reagent] for 40 minutes, followed by incubation with anti-DIG-alkaline 
phosphatase (Roche) diluted at 1:10,000 in blocking solution for 30 minutes. The 
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membrane was then washed twice with the washing buffer for 15 minutes each, and 
equilibrated in the detection buffer (100 mM Tris-HCl, 100 mM NaCl, pH 9.5). 
Chemiluminscent substrate CSPD (Roche) was 1:100 diluted in the detection buffer 
and applied on the membrane, followed by exposure to the X-ray film. 
2.2.6 Slot blot hybridization 
Slot blotting was performed using Bio-Dot SF microfiltration apparatus (Bio-
Rad) according to manufacturer's protocol. Briefly, positively charged nylon 
membrane was prewetted with 10 x SSC (1.5 M NaCl, 0.3 M sodium citrate, pH 7.0) 
and the apparatus was assembled. The amount of RNA used for vitellogenin and p-
actin was 1 |ig and 3 |ig, respectively. RNA resuspended in 10 \i\ of water was 
denatured by heating in 13 \x\ denaturing solution [5 }il 10 x Formaldehyde gel 
running buffer (0.4 M MOPS (pH 7.0)，0.1 M sodium acetate, 0.01 M EDTA (pH8.0), 
9 \i\ formaldehyde (37%), 25 \i\ formamide] for 15 minutes at 68�C before they were 
mixed with 80 |il 20 x SSC (3 M NaCl, 0.3 M Sodium citrate, pH 7.0). Samples 
were blotted on the membrane by application of vacuum and all sample wells were 
washed with 10 x SSC twice. Membrane was removed from the apparatus, UV-
crosslinked, hybridized and detected as described before. 
For RNA obtained from cultured cells, slot blot analysis was performed as 
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described above, except that the RNA sample from each well was divided into two 
parts at 1:2 after denaturation for the detection of p-actin and vitellogenin 
respectively and chemiluminscent detection was performed using Lumi-imager F1 
(Roche) with the use of CDP-star (Roche) as chemilunminscent substrate. 
2.2.7 Data analysis 
Signals on the membrane were captured using Lumi-imager F1 and quantified 
using the software LumiAnalyst 3.1 (Roche). Data were normalized with p-actin as 
the internal control and expressed as the percentage of control group. Data 
normalized with p-actin were statistically analyzed by Student's t-test or one way-
ANOVA, followed by Dunnett's multiple comparison tests. P<0.05 was considered 
statistically significant. 
2.2.8 SDS-PAGE analysis 
One hundred microliters of blood were sampled from the goldfish from the 
caudal vein using syringe and a 25 G needle. Serum was isolated by centrifugation, 
followed by denaturation at 95°C for 5 minutes with 1/4 volume of 4 x non-reducing 
sample buffer [50% (v/w) sucrose, 10% (v/w) SDS, 0.025% (v/w) bromophenol blue, 
156.25 mM Tris-HCl (pH6.8)]. Serum proteins were resolved on a 3.75% stacking 
gel and 7.5% resolving gel using SDS-discontinuous polyacrylamide gel 
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electrophoresis (Wyckoff et al., 1977). 
2.2.9 In situ hybridization 
Liver samples of 5 mm^ were excised from the goldfish, fixed in Bouin's 
fixative (71.4% saturated picric acid, 23.8% formalin and 0.47% glacial acetic acid) 
for 4 hours, rinsed with 70% ethanol and stored in 70% ethanol at 4�C until use. 
Fixed samples were embedded according to standard histological procedures. 
Briefly, samples were dehydrated by ethanol and xylene, followed by infiltration and 
embedding in paraffin. Sections of 7 [im thick were prepared by routine sectioning, 
floated on DEPC-treated water and placed on slides treated with Vector Bond reagent 
(Vector Laboratories, Inc. Burlingame, CA). Sections on the slides were baked in 
60�C oven overnight followed by dewaxing in xylene and rehydrating through a 
series of ethanol of decreasing concentration. Sections were then post-fixed in 4% 
paraformaldehyde for 20 minutes, rinsed with TBS (100 mM Tris-HCl, 150 mM 
NaCl, pH 7.5) for 3 times, treated with 200 nM HCl for 10 minutes at room 
temperature and rinsed with TBS for 3 times. To reduce non-specific background 
staining, sections were treated with freshly prepared 0.5% acetic anhydride in 100 
mM Tris (pH 8.0) for 10 minutes and rinsed with TBS for 3 times. To enhance 
probe penetration, sections were treated with proteinase K (50 |ig/ml TBS with 2 
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mM CaClj) for 20 minutes at 37�C, followed by rinsing with TBS for 3 times and 
dehydrated in a graded series of ethanol of increasing concentration. Prior to 
hybridization, sections were briefly rinsed with chloroform, followed by heating in 
55°C humid chamber for 30 minutes. Hybridization was performed in Hybri-well 
press-seal hybridization chamber (Sigma) containing the hybridization buffer (2 x 
SSC, 10% dextran sulfate, 0.01% sheared salmon sperm DNA, 0.02% SDS, 50% 
formamide in DEPC-treated water and 300 ng/ml DIG-labeled probe for 4 hours at 
55�C after a 5 minute denaturation at 95�C. After hybridization, the slides were 
washed in 2 x SSC for 20 minutes at room temperature, 50% formamide in 1 x SSC 
for twice at 55°C for 30 minutes each, and 1 x SSC twice for 15 minutes each at 
room temperature. Slides were blocked in the blocking solution (1% Blocking 
Reagent, 10% sheep serum in TBS) for 15 minutes, followed by a 60-minute 
incubation with anti-DIG-alkaline phosphatase diluted at 1:500 in the blocking 
-solution. Slides were washed with TBS for 10 minutes, followed by incubation with 
NBT/BCIP (1:50 diluted in lOOmM Tris-HCl, 100 mM NaCl and 50 mM MgClj, pH 
9.5) in a dark environment until sufficient color developed. The substrate reagent 
was removed by rinsing with distilled water and sections mounted with gelatin-
glycerol (Sigma). 
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Fig 2-1 Flow diagram of the procedures of goldfish hepatic cell preparation 
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2.3 Results 
2.3.1 Validation of vitellogenin mRNA detection 
In order to study the change of vitellogenin mRNA expression in the liver of 
goldfish, it is necessary to establish a detection system to monitor the level of 
expression. A non-radioactive slot blot hybridization was chosen for this purpose. 
DIG-labeled vitellogenin cRNA probe was prepared from a goldfish vitellogenin 
cDNA fragment previously cloned in our laboratory. This 1044-base pair fragment 
was amplified by RT-PCR from RNA obtained from the liver, and cloned at the 
EcoRV site of plasmid vector pBluescript II KS (+) through T/A cloning. The 
orientation of this insert was confirmed by sequencing. Antisense probe was 
labeled with DIG by in vitro transcription using T3 RNA polymerase and the quality 
of the probe was examined by running 1 |il of the labeling reaction mix in 1 % 
agarose gel (Fig. 2-2). The specificity and performance of this vitellogenin probe 
were tested by Northern hybridization of the liver total RNA obtained from both 
sexes. As vitellogenin is expressed in the liver of female fish, this probe only 
hybridized with the RNA obtained from the female liver but not with the one from 
the male (Fig. 2-3). The strong and clear signal obtained from the female sample 
indicates that the probe is specific to vitellogenin and it is suitable for slot blot 
hybridization analysis in the latter part of the study. 
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2J.2 Basal and estradiol-stimulated vitellogenin expression and production in vivo 
Studies in African clawed frog (Green and Tata, 1976b) and other animals 
(Martin et al., 1986; Le Guellec et al., 1988; Pakdel et al., 1991) indicated that 
priming of animals with estradiol prior to experimental treatments greatly enhanced 
the rate and amount of vitellogenin synthesis, leading to an increase in the sensitivity 
of the liver towards further stimulation of vitellogenin production. In order to 
optimize the priming time in the goldfish, the in vivo effects of estradiol on 
vitellogenin production were studied. 
The first part of the in vivo study was to observe the change of serum 
vitellogenin level after estradiol injection (50 |ag/g body weight), which was 
monitored by running 0.5 |xl serum sampled everyday on SDS-PAGE. Fig. 2-4 
shows the protein profile of the serum obtained from a representative female and 
male fish which were injected with estradiol twice on day 0 and 21. A protein band 
started to increase in the female fish after the first injection and reached the 
maximal level on day 3, while other proteins in the serum did not change 
significantly. According to the reports by DeVlaming et al. (1980), protein of this 
size present in the goldfish serum represents vitellogenin. The high level of serum 
vitellogenin maintained for at least 3 weeks. A second injection of estradiol on day 
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21 further increased the serum vitellogenin which reached its maximum three days 
after the second injection. The response to the second injection was much greater 
and quicker than that to the first one. For the male fish, injection with estradiol 
only induced the production of small amount of serum vitellogenin when compared 
with that in the female (Fig. 2-4). 
Serum vitellogenin level is affected by several factors, including the rate of 
vitellogenin production from the liver and vitellogenin clearance by its active uptake 
into the growing oocytes (Sundararaj et al , 1982b). As a result, an increase in 
serum vitellogenin level does not necessarily mean an increase in vitellogenin 
production. To study the biosynthesis of vitellogenin, particularly its mRNA 
transcription after estradiol injection, liver tissue was excised before and four days 
after estradiol injection from the same fish for RNA extraction followed by slot blot 
hybridization. The serum and RNA sample obtained before the injection was used 
as the control. As shown in Fig. 2-5, fish 1 injected with estradiol had a significant 
increase in vitellogenin mRNA, while fish 2, which was injected with saline, did not 
show any change in vitellogenin mRNA level. This result was consistent with the 
serum vitellogenin level shown by the SDS-PAGE analysis. 
J Localization of vitellogenin expression in the liver 
To locate the site of vitellogenin expression in the goldfish liver, an in situ 
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hybridization of the goldfish liver with DIG-labeled vitellogenin probe was 
performed using both male and female fish. As shown in Fig. 2-6, no staining was 
obtained in the liver of the male fish, while clusters of cells were stained positive in 
the female liver. 
2.3.4 Expression of vitellogenin in vitro 
To analyze the expression and regulation of vitellogenin expression in vitro, a 
primary culture of goldfish hepatic cells was established in the present study. The 
first step is to dissociate and purify the hepatic cells. Preliminary study indicated 
that dispersed liver cell preparation contained high proportion of red blood cells (Fig. 
2-7), which may potentially interfere with the experiments. To solve this problem, 
hepatic cells are usually dispersed after perfusing the liver with balanced salt solution 
and collagenase in species like rainbow trout (Kwon et al., 1993; Islinger et al., 1999) 
and carp (Cyprinus carpio) (Saez et al., 1982). However, as the size of goldfish 
liver is small and multiple animals are required for the preparation, perfusion is 
difficult to perform in this species. Recently, Marilley et al. (1998) prepared 
African clawed frog hepatic cells by gradient centrifugation using different 
concentrations of Percoll. We modified and applied this method in the goldfish, 
and the hepatocytes could be isolated rapidly from multiple fish after enzymatical 
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and mechanical dispersion. After centrifugation, the hepatic cells were found to be 
enriched in the 80% layer of Percoll, and the red blood cells were concentrated in the 
60% layer (Fig. 2-7), while cell debris was found in other layers. The hepatic cells 
enriched in 80% layer were washed with culture medium to remove Percoll and used 
for culture. 
In some experiments, visible basal levels of vitellogenin mRNA were found 
due to the endogenous estradiol present in the female fish, especially during the stage 
of vitellogenesis. The high level of background vitellogenin expression may create 
problem in observing slight change of regulated vitellogenin expression. As liver 
cells do not synthesize vitellogenin mRNA in the absence of estradiol (Hayward et 
al., 1982), a period of pre-incubation may lower the level of background vitellogenin 
mRNA. Two experiments were conducted to validate the in vitro system. A time 
course was performed to study the pre-incubation time required for lowering 
vitellogenin mRNA after cell dispersion and plating. Total RNA was obtained 
everyday after cells were plated into the culture plate and the levels of vitellogenin 
mRNA were determined by slot blot hybridization. As shown in Fig 2-8，RNA 
obtained after 1 day pre-incubation still had high levels of vitellogenin mRNA, while 
a dramatic drop was found after 2 days of culture (48 hours), and the vitellogenin 
mRNA levels on day 3 (72 hours) and day 4 (96 hours) were nearly non-detectable 
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(Fig. 2-8). Hence, a pre-incubation of 72 hours (3 days) was chosen as part of our 
hepatic cell culture system. 
After the time of pre-incubation was determined, the duration of treatment had 
also to be optimized. It had been suggested that increased duration of hormone 
treatment can increase the level of vitellogenin mRNA expression (Tenniswood et al., 
1983; Flouriot et al., 1996; Islinger et al., 1999; Bowman et al., 2000), which in turn 
increases the sensitive of the system, hence a time course of estradiol treatment was 
conducted. After a 72-hour pre-incubation, estradiol was added into the medium to 
the final concentration of 10 nM to treat the cells for 1 to 3 days, followed by RNA 
isolation and slot blot analysis. The vitellogenin expression was found to be the 
highest after a 24-hour treatment and gradually decrease on day 2 and day 3 (Fig2-9). 
The optimization of pre-incubation and treatment durations were further confirmed 
by treating the cells under two treatment schemes. Both schemes aimed at keeping 
the total duration of culture within 4 days, during which the cells remained healthy in 
terms of morphology. In the first experiment, the hepatic cells were pre-incubated 
for 24 hours followed by a 72-hour estradiol treatment at different doses (0 nM-100 
nM). In the second experiment, the cells were pre-incubated for 72 hours, followed 
by a 24-hour estradiol treatment. As shown in Fig. 2-10, estradiol stimulated 
vitellogenin expression in the serum-free medium in both experiments. However, 
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the second scheme gave a much better dose repose towards estradiol stimulation. 
The result also demonstrated that vitellogenin mRNA can be induced in vitro with 
estradiol within the physiological range of concentrations (0-100 nM) (Kobayashi et 
al., 1986). Hence a 72-hour pre-incubation followed by a 24-hour treatment will 
serve as the optimized scheme for studying the hormonal regulation of vitellogenin 
expression in the later parts of study. The hepatic cells tended to aggregate during 
the 4-day incubation (Fig. 2-11), in agreement with the reports in other species 
(Kwon et al., 1993; Flouriot et al., 1993; Peyon et al., 1993). 
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Fig 2-2 Agarose gel electrophoresis of 1 DIG -labeled vitellogenin 
cRNA probe 
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Male Female 
Fig 2-3 Northern blot hybridization for vitellogenin in the total RNA(10 |ig) 
obtained from the goldfish liver (left: male, right: female) Upper panel: 
Northern blot hybridization, Lower panel: Formaldehybe gel electrophoresis 
of total RNA 
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Fig. 2-5 Upper panel: SDS-PAGE analysis of blood samples taken from fish 
before (day 0) and after (day 4) estradiol injection. Lower panel: Slot blot 
hybridization of liver RNA obtained before (day 0) and after (day 4) 
estrodiol injection with vitellogenin probe (Vg) and P-actin probe as the 
control. Fish 1 was injected with estradiol on day 0，while Fish 2 was 
injected with saline on day 0. 
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Fig.2-6 Goldfish liver sections hybridized with vitellogenin probe, 
a) male; b) female (12.5x) 
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Fig 2-7 Purification of goldfish hepatic cells, a) cells just after dispersion, b) cell 
debris and red blood cells after Percoll purification, and c) hepatic cells after 
Percoll purification (100 X) 
49 
Chapter 2 Expression of Goldfish Vitellogenin in vivo and in vitro 
— 一 150-1 I B M 
CD c * 
0 < —I— 
^ O) < > 
i l 1 0 0 - • • 
• 
5 0 - • 
： • 
• 
2 4 4 8 7 2 9 6 
Duration of culture (hr) 
Fig 2-8 Time course of vitellogenin mRNA expression in goldfish hepatic cell 
culture without any treatment. Values are means 土 SEM of four determinations. 
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Fig 2-9 Time course of estradiol stimulation of goldfish hepatic vitellogenin 
mRNA expression. Data were expressed as the perecentage of control at 24 
hours treatement. Values are means 土 SEM of four determinations. *， P < 0 . 0 5 , 
compared with respective control without estradiol. 
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Fig 2-10 Dose effect of estradiol on goldfish hepatic vitellogenin mRNA 
expression under two treatment schemes. Data were normalized by p-actin 
followed by expression as the percentage of the group of scheme2 at 100 nM. 
Values are means 土 SEM of four determinations, and data shown are typical of 
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a b 
Fig.2-11 Morphological change of cultured hepatic cells, a) Hepatic cell just 
plated on the culture plate (lOOX); b) hepatic cell aggregates after 4 days of 
incubation (lOOX) 
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2.4 Discussion 
Vitellogenin synthesis has been a popular model for studying tissue-specific and 
hormone-dependent gene expression and regulation both in vivo and in vitro. 
Vitellogenin can be easily induced in hepatocytes by estradiol as a stable and easily 
characterized gene product (Tata, 1976; Shapiro and Taylor, 1982). The present 
study was undertaken to validate the assay for vitellogenin expression, and establish 
and optimize a goldfish hepatic cell culture system suitable for studying hormonal 
regulation of vitellogenin expression in vitro. 
Injection of estradiol caused a significant increase in the serum vitellogenin 
level in the female goldfish, and the profile of induction was consistent with the three 
phases of vitellogenin induction suggested by Clemen (1974). During the lag phase, 
no vitellogenin was synthesized, and this was followed by a period of rapid synthesis 
and secretion of vitellogenin. The rate of vitellogenin synthesis gradually 
diminished without further stimulation. A further increment of serum vitellogenin 
was observed after a second injection of estradiol and this enhanced level of 
vitellogenin after the secondary induction can be explained by the "memory effect", 
which is a characteristic phenomenon of vitellogenin expression (Baker and Shapiro, 
1977; Baker and Shapiro, 1978). Various studies have demonstrated that estradiol 
caused long term changes in the pattern of vitellogenin synthesis in vertebrates, 
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including chicken (Beuving and Gruber, 1971), African clawed frog(Green and Tata, 
1976a; Baker and Shapiro, 1977) and rainbow trout {Oncorhynchus mykiss) (Vaillant 
et al., 1988) By making use of this characteristic "memory effect", animals primed 
with estradiol prior to experimental treatment can lead to an increased sensitivity of 
vitellogenin response. 
Although both male and female goldfish responded to estradiol to synthesize 
vitellogenin, the response in the male was much poorer than that of the female. 
This may be due to the fact that the liver of male metabolized estradiol into non-
reactive metabolites much faster than that of female (Tenniswood et al.，1983; 
Schmeider et al., 2001), resulting in the poor response of vitellogenin expression to 
estradiol in the male. This suggests that female fishes will be more suitable for in 
the subsequent experiments of this research although males have been widely used in 
vitellogenin induction experiments because they provide a clear background level of 
vitellogenin (Baker and Shapiro, 1977; Hayward et al , 1982; Le Guellec et al.，1988; 
Vaillant et al., 1988; Wahli et al., 1998). 
To study the regulation of vitellogenin expression at the transcriptional level, a 
DIG-labeled RNA probe was synthesized. The specificity of this probe was 
validated using the total RNA obtained from the liver of male and female goldfish, 
and it only hybridized with the total RNA obtained from the female to show a single 
55 
Chapter 2 Expression of Goldfish Vitellogenin in vivo and in vitro 
band. No signal was obtained in the male which does not express vitellogenin. 
Injection of estradiol caused a significant increase of liver vitellogenin mRNA, 
which was correlated very well with the vitellogenin level in the serum. These results 
demonstrated the specificity of the probe. 
Using in situ hybridization, the site of vitellogenin mRNA expression in the 
goldfish liver was studied. Vitellogenin mRNA could only be detected in the liver 
of female fish, which is consistent with the serum protein profile and Northern 
hybridization results. Interestingly, vitellogenin mRNA was not expressed 
universally by all liver cells; instead, the expression exhibited a patchy pattern with 
only a fraction of cells expressing the messenger. This observation is consistent 
with the immunohisochemical observations in the brown trout {Salmo trutta) (Wahli 
et al., 1998) and rainbow trout (Bieberstein et al., 1999), which showed that 
vitellogenin was expressed and synthesized by only some of the liver cells. The 
reason for this uneven and patchy distribution of vitellogenin expression remains 
unknown, and it may involve regulations by local paracrine/ autocrine factors (e.g. 
growth factors) within the liver. 
Since the physiological condition varies among fish, an in vitro system under 
optimized conditions will provide a better tool to analyze the regulation of 
vitellogenin expression in the liver. Various in vitro systems have been developed 
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for Studying vitellogenin regulations, including liver slice or fragment incubation 
(Heald and McLachlan, 1965; Wangh and Knowland, 1975) and monolayer cell 
culture (Dierks-Ventling, 1978; Maitre et al., 1986). In this study, a monolayer 
culture of goldfish hepatocytes was developed for investigating hormonal regulation 
of vitellogenin expression. It should be note that the liver of goldfish is actually a 
hepatopancreas that is composed of both liver and pancreas cells, and it is difficult to 
separate these two types of cells, and the goldfish hepatocyte prepartion in this study 
may actually contains pancreatic cells. 
Since the background vitellogenin mRNA expression is sometimes high 
depending on the stage of reproductive cycle, a time course study was conducted to 
examine the temporal pattern of basal vitellogenin mRNA expression without 
estradiol treatment, and it was found that the basal vitellogenin level became 
negligible after a 72-hour incubation. Since several studies suggested that the liver 
cells underwent a period after dispersion that was non-responsive to estradiol (Maitre 
et al., 1986; Islinger et al., 1999) and prolonged treatment with estradiol increased 
the vitellogenin mRNA content in the hepatocytes (Tenniswood et al., 1983; Flouriot 
et al., 1996; Islinger et al., 1999; Bowman et al., 2000), experiments were designed 
in the present study to optimize the duration of pre-incubation and the duration of 
treatment. We found that prolonged drug treatment did not increase vitellogenin 
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response towards estradiol in our system, and an experimental scheme of 72-hour 
pre-incubation and 24-hour drug treatment allowed us to detect the stimulation of 
vitellogenin mRNA by estradiol within the range of physiological concentrations. 
Since vitellogenin synthesis is an important function of the non-mammalian 
liver cells, the ability to express vitellogenin mRNA in response to estradiol 
treatment in vitro indicates that the isolated hepatic cells maintain their physiological 
functions for at least 5 days. By microscopic observation, no severe deterioration of 
cell health was found in the culture for up to 6 days after a single replenishment of 
medium on day 1 (Data not shown). Interestingly, the dispersed hepatic cells tend 
to aggregate during the culture (Fig. 2-11). The same phenomenon has also been 
reported in the silver eel {Anguilla anguilla) and rainbow trout (Kwon et al” 1993; 
Flouriot et al., 1993; Peyon et al., 1993). Flouriot et al, (1993) suggested that the 
aggregation of cultured hepatic cells could enhance the vitellogenin gene expression 
because it mimickes the original cellular spatial relationship in vivo. 
Fetal calf serum (FCS) and bovine serum albumin (BSA) are commonly added 
in the cell culture medium to supplement the essential cofactors for cells. Islinger et 
al (1999) did a detailed investigation on the effect of different culture medium 
supplements on the vitellogenin expression. It was found that these supplements 
did not enhance the maximum vitellogenin mRNA induction, but caused high 
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vitellogenin background even after removal of endogenous steroids by stripping with 
charcoal. To avoid this problem, we only use serum during the pre-incubation, and 
serum-free medium was used during drug treatment. 
To summarize, a probe specific to goldfish vitellogenin mRNA was synthesized 
and validated using liver RNA obtained before and after estradiol treatment. In 
addition, a goldfish hepatic cell culture was established and optimized, and this 
system will serve as the model to study the hormonal regulation of vitellogenin 
expression in vitro in the rest part of this research. 
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Effects of Steroids on the Expression of Goldfish Vitellogenin in vitro 
3.1 Introduction 
Steroid hormones constitute an important part of the endocrine system, 
especially in the regulation of reproduction. In this chapter, the effects of steroids 
on the vitellogenin mRNA expression will be studied using the goldfish {Carassius 
auratus) hepatic cell culture system developed in the previous study. 
Estradiol, an important reproductive steroid hormone synthesized in the ovary in 
response to pituitary gonadotropins, has been well known as a potent inducer of 
vitellogenin synthesis across non-mammalian vertebrates. Injection of estradiol in 
vivo elevates serum vitellogenin level as demonstrated in the last part of the study in 
the goldfish and studies in other species (Beuving and Gruber, 1971; Skipper and 
Hamilton, 1977; De Vlaming et al., 1977; Benfey et al., 1989; Burzawa-Gerard and 
Dumas-Vidal, 1991; Kishida et al., 1992). Estradiol directly acts on the liver to 
increase vitellogenin biosynthesis and secretion (Felber et al., 1978; Gschwendt et al., 
1982). In this chapter, effects of various concentrations of estradiol on vitellogenin 
mRNA expression in the goldfish was investigated. 
Testosterone is another important steroid hormone produced in both male and 
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female. As an androgen, testosterone is synthesized in the testis of male; however, 
it is also synthesized in the ovary of female as the precursor of estradiol synthesis 
(Simdararaj et al., 1982a). In female goldfish, the serum profiles of estradiol and 
testosterone are similar during the vitellogenic stage, but there is a drop of estradiol 
level before and during spawning when the testosterone level further increases 
(Kobayashi et al., 1986). Hori et al. (1979) found that oral administration of high 
dosage of androgen including testosterone caused an evaluation of vitellogenin 
synthesis in juvenile goldfish. However, the effect of testosterone on vitellogenin 
synthesis in other animals remains controversial. Testosterone was found to 
increase vitellogenin mRNA level in cultured rainbow trout {Oncorhynchus mykiss) 
hepatic cell (Pelissero et al., 1993; Mori et al , 1998) and ovariectomized green frog 
(Rana esculenta) (Di Fiore et al., 1998). However, there has also been reports that 
testostereone has no effect on vitellogenin expression in cultured rainbow trout 
hepatic cell (Vaillant et al., 1988) and African clawed frog {Xenopus laevis) (Green 
and Tata, 1976b). In contrast, in tilapia {Oreochromis niloticus) (Lazier et al.，1996) 
and a fresh water turtle {Chrysemys pictd) (Ho et al., 1981), it was reported that 
testosterone caused inhibition of vitellogenin synthesis in vivo. To understand how 
vitellogenin synthesis is regulated by testosterone in the goldfish, the effect of 
testosterone on vitellogenin mRNA expression in vitro and its possible mechanism 
61 
Chapter 3 Effects of Steroids on the Expression of Goldfish Vitellogenin in vitro 
were studied. 
3.2 Materials and Method 
3.2.1 Materials 
All chemicals were purchased from Sigma (St丄ouis, OH), restriction enzymes 
from Promega (Madison, WI) and cell culture medium from Gibco BRL 
(Gaithesburg, MD) unless specified. 
3.2.2 Animal 
Common goldfish {Carassius auratus, body weight 50-100 g) of mixed sex 
were purchased from local market and acclimated for at least two weeks in a flow-
through aquarium (1,000 liter) at 22�C with a photoperiod of 14 light: 10 dark before 
experiments. Fish were fed twice a day with commercial fish food during the 
period and were anaesthetized with tricane methanesulphonate before handling. 
Experiments were performed during March to June. 
3.2.3 Primary culture of dispersed hepatic cells 
Fish were primed with estradiol (50 |^g/g fish) by intraperitoneal injection four 
days before use. After anesthetization, six to eight female fish were killed by 
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decapitation followed by surface sterilization with 75% ethanol. The hepatic 
tissues were rinsed with HBSS (Hank's balanced salt solution, 8 g NaCl, 0.4 g KCl, 
0.014 g CaCl2, 0.05 g Na^HPO*, 0.06 g KH2HPO4, 0.35 g NaHCOj and 1 g glucose 
per liter) containing 20 mM HEPES, 0.3% BSA (bovine serum albumin) and 
antibiotics (100 U/ml penicillin and 100 |Lig/ml streptomycin) and minced with 
Mcllwain tissue chopper (MTC/1, Mickle Laboratory, Cambridge, UK) to 3 mm^ 
fragments. The fragments were washed with HBSS 3 times, followed by digestion 
with the dissociation solution [1 x HBSS, 20 mM HEPES, 0.3% BSA (ICN 
Biochemicals, Irvine, CA), antibiotics, 0.05% trypsin, 0.5 mg/ml collagenase (Type 1, 
Worthington, NJ) and 0.1 mg/ml DNase (ICN)] for 90 minutes at 28°C with gentle 
agitation. The dispersed cells were filtered through a 40 nylon mesh (Falcon, 
Bedford, MA), washed with HBSS, collected at the bottom of a 50 ml tube by 
centrifugation (1200rpm, 5 minutes) and resuspended in HBSS. Hepatic cells were 
separated by centrifugation (600 rpm, 60 minutes) in discontinuous density gradient 
made up of 60% and 80% (v/v) Percoll (Armasham Biosciences AB, Uppsala, 
Swenden) in 1 x HBSS. Hepatic cells concentrated in the 80 % layer were washed 
with 70% (v/v) Ml99, and collected by centrifugation (1200 rpm, 5 minutes). 
Viability and yield of the cells were determined by trypan blue exclusion test. 
Hepatic cells were cultured in 70% Ml99 containing 10% FBS (fetal bovine serum, 
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Hyclone Laboratories, Logan, UT) and antibiotics at a density of 5x10^ cell/ml/well 
in a 24-well culture plate (Falcon) pre-coated with poly-D-lysine at 28�C with 5% 
CO2. After a 72-hour pre-incubation, the culture medium was replenished with 
serum-free 70% Ml99 medium and treatments initiated. 
3.2.4 Drug Treatment 
Estradiol and testosterone were dissolved in ethanol at the concentration of 0.1 
M. Aromatase inhibitor 4-hydroxy-4 hydrostene-3,17-dione (4-OHA) and 4-
methoxy-4-androstene-3,17-dione (4-OMA) were dissolved in dimethylsulfoxide 
(DMSO) at the concentration of 0.01 M 
For dose response studies, hepatic cells were treated with different 
concentrations of estradiol (0-1000 nM) or testosterone (0-1000 ^iM) for 24 hours. 
For aromatase inhibition experiments, the cells were treated as follows: control 
(vehicle), aromatase inhibitors (0.01 mM, 0.1 mM) and testosterone (0.1 mM) + 
aromatase inhibitors (0.01 mM, 0.1 mM). All drugs were diluted with fresh serum-
free medium immediately before application. 
12.5 Total RNA isolation 
For the extraction of RNA from the liver, about one hundred milligram of tissue 
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was homogenized in 1 ml of TRI Reagent (Molecular Research Center, Inc, 
Cincinnati, OH), incubated in room temperature for 5 minutes and mixed with 200 |j,l 
chloroform. The mixture was allowed to incubate for another 10 minutes, followed 
by centrifugation to separate the aqueous phase from the organic phase. The 
separated aqueous phase was transferred to a fresh tube, and RNA was precipitated 
by addition of 0.5 ml isopropanol. RNA was pelleted, washed with 75% ethanol, 
air-dried and resuspended in DEPC-treated ultrapure water. 
For extraction of RNA from cultured cells, the medium was removed from the 
culture plate and 400 pi of TRI Reagent was added into each well followed by 
agitation for 10 minutes at 700 rpm. Three hundred and eighty microliter of 
solution from each well was transferred to a fresh microcentrifuge tube and mixed 
with 100 \i\ chloroform. Samples were incubated at room temperature for 10 
minutes and the aqueous phase was separated from the organic phase by 
centrifugation. RNA was precipitated by mixing 170 |xl of the aqueous phase with 
200 isopropanol and 0.5 [i\ glucogen (20 mg/ml), pelleted by centrifugation, 
washed with 75% ethanol and resuspended in DECP-treated ultrapure water. The 
isolated RNA was stored at -20°C until slot blot analysis. 
3.2.6 Messenger RNA isolation 
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mRNA was purified using PolyATtract System (Promega) according to the 
manufacture's protocol. Briefly 500 |j,g total RNA was dissolved in 250 jj.1 DEPC-
treated ultrapure water and incubated in 65°C for 10 minutes. One and a half 
microliter bioteinylated-oligo (dT) and 6.5 20 x SSC (3 M NaCl, 0.3 M sodium 
citrate, pH 7.0) were mixed with the RNA and incubated for 10 minutes at room 
temperature for annealing. SA-PMPs (streptavidin-paramagnetic particles) 
resuspended in 50 |LI1 0.5 x SSC, was mixed with the annealing mixture and incubated 
at room temperature for 10 minutes. SA-PMPs were captured using the magnetic 
stand and washed with 200 )il 0.1 x SSC for 4 times. Any trace of supernatant was 
removed before the mRNA was eluted from the particles with DEPC-treated 
ultrapure water. The eluted mRNA was concentrated by precipitation with 1 
glycogen (20 ng/iiil), 25 )al 3 M sodium acetate and 250 jil isopropanol and kept in -
20°C freezer overnight. The mRNA was pelleted by centriftigation, washed by 75% 
ethanol, air dried and dissolved in DEPC-treated ultrapure water. 
3.2.7 Slot blot analysis 
Slot blotting was performed using Bio-Dot SF Microfiltration apparatus (Bio-
RAD, Herculies, C.A.). Positively charged nylon membrane (Roche Molecular 
Biochemicals, Mannheim, Germany) was pre-wetted with 10 x SSC (1.5 M NaCl, 
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0.15 M sodium citrate, pH 7.0) and the apparatus was assembled according to the 
manufacturer's manual. RNA samples were denatured by heating in the denaturing 
solution (1.4 X SSC, 24% formalin, 69% formamide) at 68°C for 15 minutes before 
they were mixed with 20 x SSC (3 M NaCl, 0.3 M sodium citrate, pH 7.0). RNA 
samples were divided at 1:2 and blotted on the membrane for the detection of p-actin 
and vitellogenin mRNA respectively. All sample wells were washed twice with 10 
X SSC. UV-crosslinking of the membrane was performed in GS GeneLinker (Bio-
Rad, Hercules, CA) at 150 mJ, followed by prehybridization in the hybridization 
solution [50%(v/v) formamide, 5x SSC, 0.1%(w/v) N-lauroysarcosine, 0.02%(w/v) 
SDS and l%(w/v) Blocking Reagent (Roche)] at 68�C for 2 hours. Hybridization 
was performed overnight by incubating the membrane with hybridization solution 
containing 50 ng/ml DIG-labeled RNA probe. DIG-labeled RNA probe was 
prepared by in vitro transcription using 1 (xg linearized DNA, 1 x DIG-RNA labeling 
Mix (Roche), 40 U T3 or T7 RNA polymearase (depending on the direction of 
transcription) and 10 mM DTT in 1 x transcription buffer. After hybridization, the 
membrane was washed twice with 2 x SSC/0.1% SDS at room temperature, and 
twice with 0.5 x SSC/0.1% SDS at 68T, followed by chemiluminescent detection. 
Briefly, the membrane was equilibrated in the washing buffer [maleic acid buffer 
(100 mM maleic acid and 150 mM NaCl, pH 7.5), 0.3% (v/v) Tween 20], incubated 
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in the blocking solution (maleic acid buffer, 1% (w/v) blocking reagent) for 40 
minutes, followed by a 30-minute incubation with anti-DIG-alkaline phosphates 
(Roche) diluted at 1:10,000 in the blocking solution. Then, the membrane was 
washed twice in the washing solution for 15 minutes each, equilibrated in the 
detection buffer (100 mM Tris-HCl, 100 mM NaCl, pH 9.5). The chemiluminscent 
substrate CDP-Star diluted at 1:100 in the detection buffer was then applied to the 
membrane. The signals on the membrane were captured by Lumi-imager F1 
(Roche). 
3.2.8 Data analysis 
Signals captured by Lumi-imager F1 were analyzed using the software 
LumiAnalyst 3.1 (Roche). Data were first normalized as the ratio of P-actin, which 
acts as the internal control, and then expressed as the percentage of the point that 
started to show significant level of vitellogenin expression. Statistical analysis was 
performed using data normalized with P-actin by Student's t-test or one-way 
ANOVA followed by Dunnett's test. P<0.05 was considered statistically 
significant. 
3 J . 9 Reverse transcription-polymerase chain reaction (RT-PCR) 
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Two micrograms of total RNA or mRNA was used in reverse transcription to 
generate cDNA. Ten microliter reaction mixture containing RNA, 100 U 
superscript II (Gibco BRL, Rockville, MD) , 0.01 M DTT，0.5 mM dNTPs, 0.5 ^g 
oligo-dT in 1 x First Strand Buffer (Gibco BRL) was incubated at 42°C for 1 hour. 
Two rounds of PGR were carried out using the same pair of primers and Platinum 
Taq polymerase (Gibco BRL) using 58.2T and 52.4�C as the annealing temperature, 
respectively. The first round PGR reaction was performed using 0.25 \i\ of the RT 
reaction as the template, while the second round PGR was carried out using 0.25 \i\ 
of 1000 X diluted first round PGR product as the template. An upper degenerate 
primer GF-Arom-#lU (YCTARGARTCCCTCTCAATGA) and a lower degenerate 
primer GF-Arom-#2L (GRTGAAGTCCACWACCGGA) were designed by 
comparing different types of goldfish aromatase and cytochrome p450 sequences 
published in the GeneBank. Thirty cycles of reaction was performed using a profile 
of 94°C for 30 seconds, annealing for 30 seconds, 72°C for 60 seconds, after a 10 
minute denaturation at 94°C and followed by a final extension for 5 minutes at 72°C. 
PGR products were examined by electrophoresis in 1 % agarose gel. 
3.2.10 Cloning of aromatase cDNA 
The desired band was purified from the agarose gel after electrophoresis by 
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phenol/chloroform extraction and ethanol precipitation. The fragment was ligated 
at the EcoRV site of the pBluescriptll KS(+) vector by T/A cloning in a 10 i^l 
ligation mixture containing about 500 ng DNA isolated from the gel, 100 ng vector 
DNA, 3 U T4 DNA polymerase ’ 1 mM ATP and 1 x ligation buffer. The reaction 
mix was incubated at 15°C overnight. The generated pKS/Arom clone was 
transformed into XL 1-Blue MRF，. 
3.2.11 Sequencing 
Cycle sequencing was preformed using ABI PRISM Dye Terminator Cycle 
Sequencing Ready Reaction Kit with AmpliTaq-FS (Applied Biosystem, Foster City, 
CA). Briefly, two 10 sequencing reactions were prepared by mixing 1.6 |il of 1 
laM T3 primer (5'-GTAAAACGACGGCCAGT-3') or T7 primer (5'-
ATTAACCCTCACTAAAG-3'), 200 ng template, 4 terminator ready reaction mix 
and ultrapure water. The sequencing reactions were preformed for 25 cycles in the 
Peltier Thermal Cycler 100 (MJ Research, Waltham, MA) with a profile of 96°C for 
10 seconds, 50°C for 5 seconds, 60�C for 4 minutes. Products were precipitated 
with 1 |x l3M NaOAc, pH 5.2，25 jil 95% ethanol and 0.5 glycogen (20 mg/ml) in 
a 1.5 ml tube, cooled in —20�C for 10 minutes and pelleted in a refrigerated 
centrifuge. The pellet was washed with 200 [i\ 75% ethanol, centrifuged and dried 
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under vacuum. 
The pellet was dissolved in 12 of Template Suppression Reagent (Applied 
Biossystem), vortexed, heated at 95°C for 2 minutes and cooled on ice before it was 
subjected to sequencing using Genetic Analyzer 310 (Applied Biossystem). The 
identity of the clone was analyzed by comparison with the GeneBank database. 
3.3 Results 
3.3. J Effect of 17-P estradiol on vitellogenin mRNA expression 
To demonstrate the effect of estradiol on vitellogenin mRNA expression, 
cultured hepatic cells were pre-incubated for 72 hours, followed by treatment with 
different concentrations of estradiol for 24 hours. Total RNA was isolated at the 
end of treatement and subjected to slot blot hybridization. As shown in Fig 3-1, 
estradiol stimulated vitellogenin mRNA expression in a dose-dependent manner. 
The effect became significant at 10 nM and increased up to 1000 nM, the highest 
concentration used. Further increase of estradiol would be beyond the 
physiological concentrations of estradiol found in the goldfish serum (Kobayashi et 
al., 1986), so the concentrations higher than 1000 nM were not tested. 
3.3.2 Effect of testosterone on vitellogenin mRNA expression 
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Testosterone, another steroid hormone commonly present in the female fish, 
was found to have stimulatory effect on vitellogenin concentration in the serum when 
injected into the goldfish (Hori et al., 1979). To investigate the effect of 
testosterone on goldfish vitellogenin mRNA expression, the hepatic cells were 
treated with relatively high concentrations of testosterone for 24 hours, followed by 
isolation of total RNA and slot blot hybridization. As testosterone is a major steroid 
present in the serum of both sexes, its effects on vitellogenin expression were studied 
in both male and female fish. As shown in Fig. 3-2，0.1 mM testosterone 
significantly stimulated vitellogenin expression in both male and female fish, with 
the response in the female much higher. Further increase of testosterone 
concentration to 1 mM caused a lower response when compared with that at 0.1 mM. 
3.3.3 Detection of aromatase mRNA expression in the liver by RT-PCR 
To investigate if testosterone stimulates vitellogenin expression indirectly 
through its conversion to estradiol by aromatase, the expression of aromatase in the 
goldfish liver was examined by RT-PCR assay. Both total RNA and mRNA were 
used, and RT-PCR was preformed with specific primers designed by comparing 
sequences of different forms of goldfish aromatase already published in the 
GeneBank. As shown in Fig. 3-3, no RT-PCR product was obtained from the total 
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RNA and mRNA of the male liver after the first round PCR. However, a PCR 
product of expected size (520 bp) was obtained after the second round of 
amplification using the product of the first round PCR from mRNA as the template. 
In the female, a product of expected size was obtained in the first round of PCR with 
that from the mRNA more abundant than the total RNA. Similarly, the yield of 
product was significantly increased after the second round of amplification. The 
identity of the product was confirmed to be aromatase by cloning and sequencing 
(Fig. 3-4). 
3.3.4 Effect of aromatase inhibitors on testosterone-stimulated vitellogenin 
expression 
To evaluate the involvement of aromatase in the testosterone-stimulated 
vitellogenin expression, the effect of testosterone was further examined in the 
presence of aromatase inhibitors. To investigate if the testosterone stimulated 
vitellogenin expression is due to the aromatase conversion of testosterone to estradiol. 
Aromatase inhibitors, 4-OMA and 4-OHA (0.01 mM and 0.1 mM), were applied 
together with testosterone for 24 hours. As shown in Fig 3-5 and Fig 3-6, both 4-
OMA and 4-OHA suppressed testosterone-induced vitellogenin expression in a dose 
dependent manner. Interestingly, a slight stimulatory effect of OHA was observed 
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at 0.01 mM. 
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Fig 3-1 Dose effect of estradiol on goldfish hepatic vitellogenin expression. 
Values are means 土 SEM of four determinations, and data shown are typical of 
three independent experiments. *, P<0.05, compared with control treatment. 
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Fig 3-2 Dose effect of testosterone on hepatic vitellogenin expression in male • 
and female • goldfish. Values are means 土 SEM of three determinations, and 
data shown are typical of three independent experiments. *�P<0.05, compared 
with control treatment with no testosterone. 
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Fig 3-3 Detection of aromatase expression in the goldfish liver by RT-PCR using 
total RNA and mRNA isolated from (a) male goldfish and (b) female goldfish, 
(c) and (d) shows the result of reamplification using the product of (a) and (b) as 
template respectively. M, molecular marker; RT(+), with reverse transcription; 
RT(-) without reverse transcription. 
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Score E 
Sequences producing significant alignments: (bits) Value 
gi�3057117|gb|AF020704.1|AF020704 Carassius auratus cytochrome P... 753 0.0 
gi|2662330|dbjIAB009336.1|AB009336 Carassius auratus mRNA for ov... 753 0.0 
gi|10047438|gb|AF183906.1|AF183906 Danio rerio P450 aromatase (c... 321 4e-85 
gi112655891|gb|AF226620.1IAF226620 Danio rerio ovarian cytochrom... 313 le-82 
gi|2306966�gb|AF004521.1|AF004521 Danio rerio aromatase mRNA, co... 305 2e-80 
gi|9837537|gb|AF288755.1|AF288755 Pimephales promelas aromatase … 2 7 4 9e-71 
gi110047440 IgbI AF183907.ilAF183907 Danio rerio P450 aromatase (c... 167 le-38 
gi|912802|gb|S75715.1|S75715 P450arom=cytochrome P450arom [Ictal... 68 le-08 
gil14589320 IembI AJ311177.ilDLA311177 Dicentrarchus labrax mRNA f... 66 4e-08 
gil14041611|emb|AJ277866.1IPPR277866 Pimephales promelas mRNA fo... 66 4e-08 
ALIGNMENTS 
>gi|3057117|gb|AF020704.1|AF020704 Carassius auratus cytochrome P450 aromatase {CYP19) mRNA, 
complete 
cds 
Length = 1900 
Score = 753 bits (380), Expect = 0.0 
Identities = 470/492 (95%), Gaps = 8/492 (1%) 
Strand = Plus / Plus 
Query: 39 gtccctctcaatgancatgatctgcttcagaagattcataaatattttgacacctggcag 98 
M I I I I I M I I I I I I M I M M M I I I I M I M M M M M M I M M M I 丨 m m I 
Sbjct: 696 gtccctctcaatgagcatgatctgcttcagaagattcataaatattttgacacctggcag 755 
Query: 99 acggtactaatcaaacctgattgtgtacttcagactggcctggtggt-gcacgggaagca 157 � M I M M M m M I M M � I I I M I I M I I M I M I I I I I I I M I � I I I M � M I 
Sbjct: 756 acggtactaatcaaacctgat-gtgtacttcagactggcctggtggttgcacaggaagca 814 
Query: 158 caagagagacgctcaggagttgcaggatgctattgcagctctgatcgaacagaagaga-t 216 
丨丨 I I M M M I M I I I I M M I M m M M m I m 丨 I m M M m I I I I I I M 丨 
Sbjct: 815 caagagagacgctcaggagttgcaggatgctattgcagctctgatcgaacagaagagagt 874 
Query: 217 tcagctgacacgtgcagaaaaattcgaccagctcgacttcacagcagagctgatatttgn 276 
丨 M M I 丨 I M M M M I I 丨 M M M M M I M m M M 丨 M I M 丨 M I I III M M I 丨 
Sbjct: 875 tcagctgacacgtgcagaaaaattcgaccagctcgacttcacagcagagctgatatttgc 934 
Query: 277 tcagagccacggggagctgagcactgagaacgtcaggcagtgtngtgttcggagatgata 336 
丨丨 M I M I I M M I I I M I M M { M M 丨 M I I I 丨 M I I m I I I I I I I M I I I I I I I 
Sbjct: 935 tcagagccacggggagctgagcactgagaacgtcaggcagtgt-gtgtt-ggagatgata 992 
Q u e r y : 3 3 7 a t c g c a g c t c c a g a c a c t c t c t c t a t c a g t c t g t t c t t c a t g t t g c t g t t g c t c a a a c a g 3 9 6 
M I M M I I I I I I I I I I I I I M I I I I I I I M I I I I I I I M M M I I I 
Sbjct: 993 atcgcagctccggacactctctctatcagtctgttcttcatgttgctgttgctcaaacag 1052 
Query: 397 aatccagacgttntaattaaagatcntgcagngaaatgaacgctgtcctancgggtcggt 456 
I I I I I I I I I I 丨 I 丨 I I M 丨 M M I I I 丨 I 丨丨 M I I I I M I M I M I I I M I II M 
Sbjct: 1053 aatccagacg-tcgaattaaagatcctgcag-gaaatgaacgctgtcctagcgggtcgga 1110 
Query: 457 gnctgcagcactcacatctgtgcggggttccacattctggagagttttatcancnattcg 516 �� Ml M I M I I M � I M I I I I I M I M I I I M I M M I I M M M I � I I ���� 
Sbjct: 1111 gcctgcagcactcacatctgt-ccgggttccacattctggagagttttatcaacgagtcg 1169 
Query: 517 ctccggttccat 528 
I I I I I I I I I I I I 
Sbjct: 1170 ctccggttccat 1181 
Fig 3-4 Result of Blast search with the aromatase fragment cloned from the goldfish 
liver by RT-PCR 
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Fig 3-5 Dose effect of 4-OMA on testosterone-stimulated goldfish hepatic 
vitellogenin mRNA levels. Values are means 土 SEM of four determinations. *, 
P<0.05, compared with 0.1 mM testosterone treatment. 
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Fig 3-6 Dose effect of 4-OHA on testosterone-stimulated goldfish hepatic 
vitellogenin mRNA levels. Values are means � SEM of four determinations. * � 
P<0.05, compared with 0.1 mM testosterone treatment. 
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3.4 Discussion 
In the previous study, estradiol, a potent inducer of vitellogenin synthesis was 
used to validate our in vitro system. In this part, the effect of estradiol on 
vitellogenin mRNA expression in the goldfish was further investigated. Estradiol 
(0.1 nM to 100 nM) stimulated vitellogenin mRNA expression in the goldfish hepatic 
cell culture in a dose dependent manner. The response towards estradiol stimulation 
is similar to the in vitro studies in other non-mammalian vertebrates including fish 
(rainbow trout) (Pelissero et al., 1993; Flouriot et al., 1996; Mori et al., 1998). 
According to the observation by Kobayashi et al. (1986), the concentration of 
estradiol in the goldfish serum ranges from 1.5 nM to 2.6 nM during the period of 
gonadal regression in the goldfish, and it rapidly increases to 11 nM during the 
vitellogenic stage. The effective doses of estradiol that stimulated vitellogenin 
expression in the present study correlated well with the physiological range of 
concentration. During the regressed stage, the growth of oocytes is minimal, 
estradiol at 1.5 nM has little effect on vitellogenin mRNA expression. At the time 
of vitellogenesis, the concentration of estradiol in the serum of goldfish reaches 11 
nM, and it is the concentration that significantly stimulates vitellogenin expression in 
the present study, which correlates well with the high demand of vitellogenin for the 
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growth of oocytes during this period. 
Various studies have investigated the possible mechanisms for estradiol-
stimulated vitellogenin expression. Basically, estradiol and its nuclear receptor, the 
estrogen receptor (ER), interact with the estrogen response element (ERE) present in 
the vitellogenin promoter and activate vitellogenin expression (Flouriot et al., 1997; 
Anderson et al., 1998; Teo et al., 1998). On the other hand, estradiol also change 
the cellular distribution (Hayward et al., 1980) and The number of ER in the liver 
cells of non-mammalian vertebrates (Hayward et al.，1980; Barton and Shapiro, 1988; 
Flouriot et al., 1996; Flouriot et al., 1997), which in turn enhances the rate of 
vitellogenin synthesis. Furthermore, estradiol increases both the transcriptional 
activity and post-transcriptional mRNA stabilization of these two genes (Brock and 
Shapiro, 1983a; Brock and Shapiro, 1983b; Blume and Shapiro, 1989; Flouriot et al., 
1996), which contributes to the accumulation of vitellogenin mRNA in the liver cells 
and hence the increase of vitellogenin synthesis. 
Although estradiol is the principal stimulator of vitellogenin expression, there 
has been evidence that other steroids such as testosterone is also involved in the 
regulation. Hori et al. (1979) found that oral administration of androgens, including 
testosterone, induced vitellogenin synthesis in vivo in the goldfish. Using trout 
hepatic cell culture, Vaillant et al. (1988) failed to stimulate vitellogenin mRNA with 
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10 \iM testosterone. However, using a culture of aggregated trout hepatic cells, 
Pelissero et al. (1993) demonstrated that the same concentration of testosterone could 
directly induce vitellogenin expression in vitro. Recently, Mori et al (1998) found 
thattestosterone at 10 nM could significantly stimulate vitellogenin expression in the 
rainbow trout. In our system, vitellogenin expression could also be stimulated by 
testosterone, but at concentration of 0.1 mM. The response of vitellogenin 
expression to testosterone stimulation is much higher in the female than the male. 
Since the concentration of testosterone used was much higher than the concentration 
found in the goldfish serum (~20nM) (Kobayashi et al., 1986), it is difficult to 
speculate about the physiological relevance of the effect. However, it is interesting 
to investigate the mechanism by which testosterone stimulates the expression of 
vitellogenin. 
There are two possible mechanisms by which testosterone stimulates 
vitellogenin expression. Testosterone may directly regulate vitellogenin expression 
by binding to androgen receptor (AR), or it may be converted into estradiol in situ by 
aromatase (Brodie and Wing, 1987), or both. As the concentration of testosterone 
required for stimulating vitellogenin expression was considerably high, it is likely 
that testosterone is partly converted to estradiol by aromatase instead of acting on its 
own receptor. In the green frog (Ram esculenta), relatively high concentrations of 
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testosterone are present in the blood, and both aromatase and AR are present in the 
liver. The level of AR in the hepatic cells and the aromatase activity in the liver 
homogenate are highly correlated with the serum vitellogenin concentration (Di 
Fiore et al., 1998; Assisi et al., 2000). Furthermore, testosterone has been found to 
be involved in the regulation of aromatase activity in the liver homogenate (Di Fiore 
et al., 1998). 
Using RT-PCR, we demonstrated that aromatase is expressed in the liver of both 
‘ male and female goldfish, and the level of aromatase mRNA appeared to be higher in 
the female liver. The low level of aromatase present in the male liver may be the 
cause for its lower response to the same concentration of testosterone. To confirm 
the role of aromatase in the testosterone-stimulated vitellogenin expression, two 
aromatase inhibitors, 4-hydroxy-4-androstene-3,17-dione (4-OHA) and its derivative, 
4-methoxy-4-androstene-3,17-dione (4-OMA), were employed to block the 
conversion of testosterone to estradiol in an ir-reversible manner (Abul-Hajj, 1983; 
Block et al., 1996b; Yue and Brodie, 1997; Shilling et al., 1999; Brodie et al., 1999). 
Both aromatase inhibitors have been extensively tested in a variety of vertebrate 
species including fish for their inhibition of estradiol production (Shilling et al., 
1999). In the present study, both aromatase inhibitors, could significantly suppress 
the testosterone-stimulated vitellogenin expression in a dose-dependent manner, 
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indicating that testosterone is likely to be converted into estradiol in the liver by 
aromatase although the conversion may not be efficient, which partly accounts for 
the testosterone-stimulated vitellogenin expression. 
In summary, the effects of two steroid hormones on vitellogenin mRNA 
expression in vitro were investigated. Estradiol stimulates vitellogenin mRNA in a 
dose-dependent manner and the effective dosage was close to the physiological range 
of estradiol concentration in the blood of goldfish. Testosterone could also 
stimulate vitellogenin mRNA expression, however, this effect was only significant at 
high concentrations. As testosterone is present in the serum of both male and 
female, the mechanism of its action on vitellogenin expression was also investigated. 
By the use of RT-PCR and aromatase inhibitors, we demonstrated that aromatase is 
present in the goldfish liver, and it may contribute to the testosterone-stimulated of 
vitellogenin expression by converting testosterone into estradiol. 
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Effects of Epidermal Growth Factor (EGF) and Activin on the Expression of 
Vitellogenin in the Goldfish Hepatic Cells in vitro 
4.1 Introduction 
A recent study in the trout {Oncorhynchus spp.) showed that vitellogenin was 
not expressed evenly in the liver (Wahli et al., 1998; Bieberstein et al.，1999), and 
this has been further confirmed in the goldfish {Carassius auratus) in the previous 
part of this study. The patchy distribution of vitellogenin expression suggests that 
in addition to the regulation from the endocrine system, the expression of 
vitellogenin may also be controlled by an autocrine or paracrine factor within the 
liver including various growth factors. So far, studies on the potential roles of 
growth factors in the control of vitellogenin synthesis have been only restricted to 
insulin-like growth factors (IGF) as the mediator of growth hormone which induces 
vitellogenin synthesis in the green frog {Rana esculenta) hepatocytes (Camevali et 
al., 1998; Camevali et al., 2000). There have been no reports on the involvement of 
other growth factors in the event. In this study, the effects of two important growth 
factors, activin and epidermal growth factor (EGF), on the expression of goldfish 
vitellogenin will be examined. 
Activin (PaPa, PAPB» PBPB) belongs to the transforming growth factors p (TGF-p) 
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the Goldfish Hepatic Cell in vitro 
superfamily, which was originally isolated from porcine ovarian follicular fluid for 
stimulating follicle-stimulating hormone (FSH) secretion in the pituitary (Ling et al., 
1986; Vale et al., 1986). Activin is expressed in a variety of tissues including the 
liver (Ge et al., 1997; Hannon et al., 1993; Schwall et al., 1993; Yam et al., 1999), 
and activin receptor is expressed in the liver of rat {Rattus norvegicus) (Tyler et al.， 
1997). Activin inhibits DNA synthesis (Yasuda et al., 1993a) and promotes 
apoptosis in the liver (Schwall et al., 1993). It also increases glucose release from 
the hepatic cells (Mine et al., 1989). Recent studies demonstrated that vitellogenin 
from the liver is a binding protein of activin (Uchiyama et al., 1994; Fukui et al., 
1999) and it assists the uptake of activin into the growing oocytes as a maternal 
mesoderm inducer of the embryo (Smith et al., 1990; Asashima et al., 1991). 
Because of this functional relationship between vitellogenin and activin, one would 
suspect that activin may participate in the regulation of vitellogenin synthesis as an 
autocrine and paracrine regulator. 
EGF is a peptide growth factor first isolated in the mouse {Mus musculus) 
submaxillary gland (Cohen, 1962; Cohen, 1965), and it was latter found to display a 
wide range of physiological effects on various types of tissues (for reviews see Fisher 
and Lakshmanan, 1990). EGF has been isolated from the mouse liver (Cohen et al., 
1982b) and found to be a potent mitogen on hepatocytes during liver regeneration 
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and carcinoma development (Lev-Ran et al., 1984; Yang et al., 1996; Komuves et al.， 
2000). EGF readily binds to the specific sites on the hepatic plasma membrane (St 
Hilaire et al., 1983) followed by internalization (Carpentier et al., 1981). Most of 
the studies on EGF are based on mammalian models and very limited information is 
available in lower vertebrates, such as teleosts. The presence of EGF receptors on 
the hepatic plasma membrane has been demonstrated in the rainbow trout 
{Oncorhynchus mykiss) (Wolffe et al., 1985b; Newsted and Giesy, 1991) and human 
EGF has the ability to stimulate protein translation in the sockeye salmon 
{Oncorhynchus nerka) hepatocytes, suggesting the presence of a EGF signaling 
pathway in the liver of fish (Duan et al., 1993). 
Using goldfish as the model, the present study aims at investigating the roles of 
EGF and activin in the regulation of vitellogenin expression. A primary culture of 
goldfish hepatic cells was used. The results showed that both EGF and activin are 
involved in modulating estradiol-stimulated vitellogenin gene expression. 
4.2 Materials and Methods 
4.2.1 Materials 
Estradiol was purchased from Sigma (St. Louis, MO) and dissolved in ethanol. 
Human recombinant EGF and transforming growth factor-a (TGF-a) were obtained 
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from Promega (Madison, WI), dissolved in ultrapure water and stored in - 2 0 � C until 
uses. Unless specified, all other chemicals were purchased from Sigma (St. Louis, 
OH) and culture medium from Gibco BRL (Gaithesburg, MD). Recombinant 
goldfish activin B was prepared by our laboratory from an established Chinese 
hamster ovary (CHO) cell line. Each unit (U) of activin is defined as the amount 
per milliliter that induces a half-maximal differentiation of F5-5 cells in the erythroid 
differentiation factor (EDF) bioassay (ED5�) (Eto et al., 1987), which is equivalent to 
� 7 ng/ml recombinant human activin A. 
Common goldfish {Carassius auratus, body weight 50-100g) were purchased 
from local market and acclimated in a flow-through aquarium (22°C, photoperiod of 
14 light: 10 dark) for at least two weeks before experiments. Experiments were 
carried out during February to September. Fish were primed with estradiol (50|ag/g 
fish) four days before experiment. 
4.2.2 Primary culture of dispersed hepatic cells 
Six female fish anesthetized with tricane methanesulphonate were killed by 
decapitation and body surface sterilied with 75% ethanol. Livers were immediately 
removed from the fish and rinsed with HBSS (Hank's Balanced Salt Solution, 8 g 
NaCl, 0.4 g KCl, 0.014 g CaClz, 0.05 g NasHPO*，0.06 g KH2HPO4, 0.35 g NaHCOj 
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and 1 g glucose per liter) containing 20 mM HEPES, 0.3% BSA (bovine serum 
albumin) and antibiotics (100 U/ml penicillin and 100 fig/ml streptomycin). The 
tissue was then minced into 3 mm^ fragments with Mcllwain tissue chopper (MTC/1, 
Mickle Laboratory, Cambridge, UK), rinsed twice with HBSS, and incubated with 
the dissociation solution [1 x HBSS, 20 mM HEPES, 0.3% (v/v) BSA, antibiotics, 
0.05% (v/v) trypsin, 0.5 mg/ml type I collogenase (Worthington, NJ), and 0.1 mg/ml 
DNase (ICN Biochemical, Irvine, CA)] 28°C for 90 minutes with gentle agitation. 
Dispersed hepatic cells were filtered through a 40 |j, nylon mesh (Falcon, Bedford, 
MA), washed twice with HBSS and collected by centrifugation (1200 rpm, 5 
minutes). Cells were resuspended in HBSS and purified with a discontinuous 
gradient of 60% and 80% (v/v) Percoll (Amersham Pharmacia AB, Sweden) in 1 x 
HBSS by centrifugation (600 rcf, 60 minutes). Hepatic cells concentrated in 80% 
Percoll layer were collected and washed three times with 70% (v/v) Ml99. The 
viability and yield of cells were determined by trypan blue exclusion test. The cells 
were cultured at 2 8 T with 5% CO: in 70% Ml99 containing 10% FBS (fetal bovine 
serum, Hyclone Laboratories, Logan, UT) and antibiotics (100 U/ml penicillin and 
100 ng/ml streptomycin) at the density of 5x10^ cell/ml/well in 24-well culture plates 
(Nunc, Rochester, NY.) pre-coated with poly-L-lysine. After 3-day pre-incubation, 
the medium was changed to serum-free 70% Ml99 for drug treatments. Unless 
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Specified, all drug treatments were performed for 24 hours. 
4.2.3 Slot blot analysis 
Total RNA was isolated from cultured cells using TRI Reagent (Molecular 
Research Center, Inc, Cincinnati, OH) according to manufacture's protocol, 
resuspended in DEPC-treated water and divided at 1:2 for the detection of P-actin 
and vitellogenin mRNA respectively. DIG-labeled RNA probe was prepared by in 
vitro transcription (Roche Molecular Biochemicals, Mannheim, Germany). Slot 
blot transfer of RNA was performed using Bio-Dot SF microfiltration apparatus 
(Bio-RAD, Hercules, C.A.) according to the manufacture's protocol. After UV-
crosslinking, the membrane was prehybridizaed in the hybridization solution [50% 
formamide, 5 x SSC, 0.1% N-lauroysarcosine, 0.02% SDS and 1% blocking reagent 
(Roche)] for 2 hours, followed by hybridization overnight with 50 ng/ml DIG-
labeled probe. The membrane was then washed twice with 2 x SSC/0.1% SDS at 
room temperature and twice with 0.5 x SSC/0.1% SDS at 68°C. Chemiluminescent 
detection was performed with anti-DIG alkaline phosphatase (Roche) according to 
manufacture's protocol using CDP-star as the substrate. 
4.2.4 Data analysis 
91 
Chapter 4 Effects of Epidermal Growth Factor (EGF) and Activin on the Expression of Vitellogenin in 
the Goldfish Hepatic Cell in vitro 
Signals on the membrane were captured by Lumi-imager F1 (Roche) and 
quantified using the software LumiAnalyst 3.1 (Roche). Data obtained was 
normalized as the ratio to p-actin, the internal control, and expressed as the 
percentage of the group treated with the estradiol alone. Data normalized with p-
actin were statistically analysied by Student's t-test or one-way ANOVA followed by 
Dunnett's test. Differences were considered to be statistically significant at P<0.05. 
4.3 Results 
4.3.1 Effect of activin on vitellogenin mRNA expression 
Activin and its receptors have been demonstrated in the liver (Ge et al., 1997; 
Hannon et al., 1993; Schwall et al., 1993; Yam et al., 1999) suggesting local 
paracrine roles of activin. The present experiment was perfomed with the aim of 
investigating the effect of activin on vitellogenin expression. The cultured goldfish 
hepatic cells were treated with recombinant goldfish activin B in the presence or 
absence of 10 nM estradiol for 24 hours after a 72-hour pre-incubation. As shown 
in Fig 4-1, The addition of activin alone does not cause any change in vitellogenin 
expression and the addition of 10 nM estradiol alone caused a significant increase of 
vitellogenin expression. When activin is added in the presence of estradiol, it caused 
a further increase in vitellogenin expression in a dose-dependent maimer. 
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4.3.2 Effect of EGF and TGF-a on vitellogenin mRNA expression 
EGF and its binding sites are expressed in the liver of a variety of vertebrates 
(Cohen et al., 1982b; Mullhaupt et al., 1994; Komuves et al., 2000) including fish 
(Duan et al., 1993). To examine its potential role in vitellogenin synthesis, goldfish 
hepatic cells were pre-incubated for 72 hours, followed by 24-hour treatment with 
different doses of EGF in the presence or absence of 10 nM estradiol. As shown in 
Fig 4-2, in the absence of estradiol, EGF alone (1-100 nM) had no effect in the 
vitellogenin expression. Estradiol alone at 10 nM caused a significant increase of 
vitellogenin expression. Interestingly, addition of EGF significantly suppressed 
estradiol-stimulated vitellogenin expression, and at the concentrations of 10 and 100 
nM,. EGF completely abolished the estradiol-stimulated vitellogenin expression. 
To further confirm the inhibitory effect of EGF on vitellogenin expression, the 
effect of TGF-a, an agonist of EGF, on vitellogenin expression was examined. As 
shown in Fig 4-3, TGF-a also suppressed and eventually abolished the estradiol-
stimulated vitellogenin expression, similar to that of EGF. To further investigate 
this EGF-/TGF-a-suppressed estradiol-stimulated vitellogenin expression, a time 
course study was also performed. Goldfish hepatic cells were pre-incubated in the 
presence or absence of estradiol for 24 hours, followed by treatment with TGF-a in 
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the presence or absence of estradiol for 2, 4, 8 and 24 hours. The inhibition of 
vitellogenin expression by TGF-a became significant at 8 hours of treatment and 
reached maximal at 24 hours of treatment. (Fig 4-4) 
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Fig 4-1 Dose effect of recombinant goldfish activin on goldfish hepatic 
vitellogenin mRNA levels in the presence of 10 nM E� .Values are means 士 SEM 
of four determinations, and data shown are typical of three independent 
experiments.*, P<0.05, compared with the control group treated with estradiol 
only. 95 
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Fig 4-2 Dose effect of recombinant human EGF on goldfish hepatic vitellogenin 
expression in the presence or absence of 10 nM estradiol. Values are means 士 
SEM of four determinations, and data shown are typical of three independent 
experiments.*, P<0.05, compared with respective control group. 
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Fig 4-3 Dose effect of recombinant human transforming growth factor-
a (TGF-a) on goldfish hepatic vitellogenin mRNA levels in the presence or 
absence of 10 nM estradiol. Values are means 土 SEM of four determinations, 
and data shown are typical of three independent experiments. *，P<0.05, 
compared with respective control group. 
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4.4 Discussion 
This is the first report on the participation of growth factors in the regulation of 
the vitellogenin synthesis besides IGF. The involvement of growth factors suggests 
that in the regulation of vitellogenin synthesis, a paracrine/autocrine control system 
may exist in the liver. Activin is a dimeric protein belonging to the transforming 
growth factors beta (TGF-P) superfamily, and it has been shown to serve as a 
mesoderm inducer during the embryonic development (Smith et a l , 1990; Fukui et 
al., 1994); however, the transcription of activin starts only at blastula stage 
(Dohrmann et al., 1993) during embryonic development, suggesting that the activin 
responsible for mesoderm induction may come from maternal sources. A recent 
study indicated that activin was selectively uptaken into the oocytes of African 
clawed frog {Xenopus laevis) (Fukui et a l , 1999). Activin enters the growing 
oocytes probably by forming a complex with follistatin, an activin-binding protein, 
which has high binding affinity for vitellogenin (Uchiyama et al., 1994; Fukui et al., 
1999). This points to the possibility that by associating with activin, vitellogenin 
may help to transport activin into the growing oocytes and vitellogenin may help to 
stabilize the activin inside the oocytes. The stimulation of vitellogenin expression 
by activin may be part of the mechanism that facilitates the incorporation of activin 
into the oocytes. 
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In the past two decades, various studies in higher vertebrates have shown that 
EGF/TGF-a and EGF receptor are produced in the liver, and EGF activity is 
associated with hepatic cell proliferation (Richman et al.，1976; Block et al., 1996a) 
and liver regeneration (Rubin et al., 1982; Mullhaupt et al., 1994; Block et al., 
1996a). In lower vertebrates, one of the major functions of liver is to participate in 
vitellogenesis by producing vitellogenin. This is the first study to show that 
EGF/TGF-a has the ability to regulate vitellogenin synthesis in the fish liver. EGF 
receptor has been reported in fish liver (Newsted and Giesy, 1991) and EGF has been 
demonstrated to stimulate protein synthesis in the liver of sockeye salmon 
{Oncorhynchus nerka) (Duan et al., 1993). This and our findings in the present 
study indicate that EGF may serve as an important modulator in the regulation of 
liver functions in lower vertebrates. The physiological relevance of EGF inhibition 
of vitellogenin expression in the goldfish remains unknown, and it will be an 
interesting issue to investigate in the future. 
Estrogen was well known to be a powerful stimulator of vitellogenin production 
in the non-mammalian vertebrates. The stimulation of vitellogenin biosynthesis by 
estradiol was shown to be modulated by a variety of hormonal factors. Growth 
hormone stimulates vitellogenin expression in the liver of green frog {Rana esculenta) 
(Camevali et a l , 1992b; Camevali et al., 1995) and potentiates the estradiol-
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Stimulated vitellogenin expression in the silver eel {Anguilla anguilla) (Peyon et al., 
1996). Prolactin stimulate the expression of vitellogenin in green frog (Camevali et 
al., 1993b) and increase the estradiol-stimulated vitellogenin expression in the 
Japanese eel (Anguilla japonicd) in a permissive manner (Kwon and Mugiya, 1994). 
For thyroid hormone, it potentiates the estradiol-stimulated vitellogenin mRNA 
expression in the liver of African clawed frog (Rabelo and Tata, 1993). For cortisiol, 
both enhancement and inhibition of vitellogenin expression have been reported in the 
rainbow trout (Pelissero et al., 1993; Mori et al., 1998; Lethimonier et al., 2000). 
Similarly, both stimulation and inhibition on the basal or the enhanced estradiol-
stimulated vitellogenin expression by progesterone have been reported (Pelissero et 
a l , 1993; Gupta and Kanungo, 1996; Mori et al., 1998). To our knowledge, most 
factors that modulate estradiol effect are enhancing or potentiating the stimulation 
and the powerful inhibitory effect of EGF and TGF-a on estradiol-induced 
vitellogenin expression makes this family of growth factors particularly interesting in 
terms of their roles in vitellogenesis. Whether teleost liver produces EGF/TGF-a to 
act as a paracrine/autocrine factor remain to be answered. 
In the rat hepatocytes, activin has been reported to be a potent inhibitor of DNA 
synthesis (Yasuda et al., 1993b), and an initiator of apoptosis (Schwall et al.，1993)， 
while EGF is a potent stimulator of DNA synthesis and cell proliferation (Richman et 
101 
Chapter 4 Effects of Epidermal Growth Factor (EGF) and Activin on the Expression of Vitellogenin in 
the Goldfish Hepatic Cell in vitro 
al” 1976). Interestingly, the present study demonstrated that activin enhanced, 
while EGF inhibited estradiol-stimulated vitellogenin expression. Together with 
the documentation in mammals, this observation implies that EGF and activin may 
function in the liver in an antagonistic way. Furthermore, EGF caused hepatocytes 
to express and release activin after 48 hours of culture and an increased expression of 
activin mRNA was observed 24 hours after partial hepatectomy (Yasuda et al” 
1993b), suggesting again that activin may serve as an autocrine counteractive factor 
against proliferative effect of EGF in a negative feedback manner. Taking these 
together, one would suspect that during liver injury in lower vertebrates, the energy-
consuming vitellogenin production has to be stopped to cope with the need for liver 
regeneration. Studies on the reciprocal regulation of activin and EGF in the fish liver 
will shed light on this issue. 
To conclude, our results demonstrated that in cultured goldfish hepatic cells, 
activin enhanced, while EGF and TGF-a suppressed the estradiol-stimulated 
vitellogenin mRNA expression. This is the first study to demonstrated that growth 
factors other than IGF regulate vitellogenesis, it is particularly interesting that EGF 
acts as a powerful suppressor of estradiol-stimulated vitellogenin biosynthesis. 
Since limited information on EGF is available in lower vertebrates, the physiological 
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significance of EGF action on vitellogenin production remains to be elucidated. 
Also, since activin and EGF seem to have antagonistic effects on goldfish 
vitellogenin expression it would be interesting to investigate the expression profiles 





Synthesis of vitellogenin is a tissue-, stage- and sex-specific process critical to 
the growth of oocytes, which happens in the liver of mature female oviparous 
vertebrates. Mechanisms for regulating the synthesis of vitellogenin have been 
extensively studied in the past decades and they are best understood in chicken 
{Gallus gallus) and African clawed frog {Xenopus laevis) (Schjeide and Urist, 1960; 
Heald and McLachlan, 1965; Wangh and Knowland, 1975; Baker and Shapiro, 1977). 
Although the synthesis and expressions of vitellogenin have been studied in a 
number of teleosts species including the silver eel (Anguilla anguilla), tilapia 
{Oreochromis aureus) and rainbow trout {Oncorhynchus mykiss) (van Bohemen et al., 
1982; Chen, 1983; Lim et al., 1991; Peyon et al., 1993), studies concerning the 
regulation of vitellogenin expression in the cyprinids are rather limited, and no in 
vitro model for studying the regulation of vitellogenin biosynthesis is available. 
In all species studied, estradiol was found to be the key hormone responsible for 
the initiation and maintenance of vitellogenin production, which acts on the liver 
directly to stimulate the synthesis of vitellogenin. On the other hand, the role of 
testosterone, another major reproductive steroid present in the serum of females at 
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high concentrations in vitellogeninsis has also been noticed, but the results from 
different models have been rather controversial. Both positive and negative effects 
of testosterone on vitellogenin biosynthesis have been reported in different species 
(Hori et al., 1979; Pelissero et al., 1993; Lazier et al., 1996; Di Fiore et al., 1998). 
Growth factors are a group of autocrine and paracrine regulators in many 
physiological processes. Insulin-like growth factors have been found to have the 
ability to stimulate vitellogenin synthesis (Camevali et al., 2000); however, the 
effects of other growth factors on vitellogenin expression have not been explored so 
far. Activin is a growth factor originally isolated for its ability to stimulate follicle-
stimulating hormone (FSH) secretion in the pituitary (Ling et al., 1986; Vale et al., 
1986) and it has later been found to participate in a variety of reproductive processes. 
Recently, the expression of activin has been demonstrated in the liver of rat (Rattus 
norvegicus), chicken and goldfish {Carassius auratus) (Chen and Johnson, 1996; De 
Bleser et al., 1997; Ge et al., 1997; Yam et al., 1999). Furthermore, activin 
receptors have been shown to express in cultured rat hepatocytes (Tyler et al., 1997), 
suggesting autocrine and paracrine roles for activin in the liver. Another important 
growth factor, epidermal growth factor (EGF), was first isolated in the submaxillary 
gland of mouse (Mus musculus) and later found to display a wide range of 
physiological effects (Cohen, 1962; Fisher and Lakshmanan, 1990). In mammalian 
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species, EGF regulates the growth and regeneration of liver, but the functions of EGF 
in the liver of non-mammalian species has not been documented. 
5.2 Contribution of the present study 
5.2.1 Expression of goldfish vitellogenin in vivo and in vitro 
In the present study, a model for studying hormonal regulation of vitellogenin 
expression in the goldfish in vitro was established. An in vitro model can greatly 
reduce the effect of individual variation in physiological condition on the results as 
compared with in vivo studies. This model system includes the detection of 
vitellogenin mRNA in the primary culture of goldfish hepatic cells, which was 
optimized and validated by means of different in vivo and in vitro induction of 
vitellogenin expression. The establishment of this model allows us to study 
vitellogenin biosynthesis, an important reproductive process in fish reproduction, in 
vitro, which has not been available in cyprinids, a group of commercially important 
fish in China and Southeast Asia region. 
5.2.2 Effect of steroids on the expression of goldfish vitellogenin in vitro 
Effects of estradiol and testosterone on vitellogenin expression in the goldfish 
were examined in vitro using the model system developed in the previous section. 
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As the most potent inducer of vitellogenin synthesis, estradiol stimulated vitellogenin 
expression in cultured goldfish hepatic cells in a dose-dependent manner at 
concentrations of physiological range (0-100 nM), which is consistent with studies 
conducted in other species. Interestingly, administration of testosterone also caused 
an increase in serum vitellogenin in the goldfish in vivo (Hori et al., 1979), and in the 
present study, we demonstrated that 0.1 mM testosterone stimulated vitellogenin 
expression in vitro, suggesting that testosterone can act on the liver directly to induce 
vitellogenin expression. Although the mechanisms for this testosterone-stimulated 
vitellogenin expression were not clear, the possible involvement of aromatase in the 
testosterone-stimulated vitellogenin expression was suggested by the demonstration 
of aromatase expression in the liver and the inhibition of testosterone-stimulated 
vitellogenin expression by aromatase inhibitors. 
5.2.3 Effects of EGF and activin on the expression of vitellogenin in the goldfish 
hepatic cells in vitro 
Studies concerning effects of growth factors on vitellogenin regulation are 
rather limited. The uneven distribution of vitellogenin within the liver as 
demonstrated by in situ hybridization in the present study and histochemical staining 
by others (Wahli et al., 1998; Bieberstein et al., 1999) suggested that the synthesis of 
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vitellogenin may be under certain local regulations. Growth factors are common 
local regulators that modulate many physiological processes in a autocrine or 
paracrine manner, and their involvement in the vitellogenin regulation may be part of 
the mechanism for the uneven expression of vitellogenin in the liver. The present 
study represents the first to demonstrate that growth factors other than insulin-like 
growth factors can modulate estradiol-stimulated vitellogenin expression. Our 
results showed that activin and EGF, two growth factors demonstrated in the liver of 
vertebrates, enhanced and reduced the estradiol-stimulated vitellogenin expression, 
respectively. 
5.3 Future prospects 
The model system established in this study allows us to study the regulation of 
vitellogenin expression in the cyprinids in vitro, which has not been available. The 
present study has demonstrated the direct actions of estradiol, testosterone, activin 
and EGF on the hepatic cells to control vitellogenin expression, which reveals a 
number of areas that are worth exploring in the future. For testosterone-mediated 
vitellogenin expression, different agonists or antagonists can be used to investigate 
its mechanisms of action. The role of aromatase in testosterone-stimulated 
vitellogenin expression can be further determined using non-aromatizable androgen, 
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while the role of estrogen receptor (ER) can be evaluated by ER antagonists. 
On the other hand, our results on activin and EGF contribute to the increasing 
evidence that growth factors exert regulatory effects on the expression of some genes 
that are stimulated by ER. It has been believed that the cross-talk between steroids 
and peptide growth factors occurs via interactions of their signal transduction 
pathways at the transcriptional level (Ignar-Trowbridge et al.，1992; Ignar-
Trowbridge et al., 1993). The expression of vitellogenin and its regulation provide 
a good model for further investigation into the issue. One of the questions to be 
addressed is the origin of activin and EGF. Although lines of evidence suggest that 
they are likely expressed in the liver, direct evidence is needed to clarify this issue. 
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